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Abstract 
Significant alterations in the environmental conditions can have pronounced 
effects on plant genome stability. Recent evidence argues for a global involvement of the 
components of epigenetic modules in the regulation of genome homeostasis both 
immediately after stress exposure and long after environmental cues were acquired. The 
last observation is of particular interest as the memory of imposing stress can be 
maintained at the molecular level throughout plant ontogenesis and may be faithfully 
propagated into the following generation. Our study provides evidence that epigenetic 
repercussions exerted by stress exposure of parental plants manifest themselves in 
untreated progeny at all three levels of the epigenetic module: DNA methylation, histone 
posttranslational modifications and small RNA metabolism. Additionally, the results of 
our study shed new light on the engagement of the epigenetic machinery in the 
maintenance of plant genome integrity by counteracting the activity of invading nucleic 
acids.  
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1. INTRODUCTION 
All living beings throughout their lifespan are in a constant interaction with 
environmental cues which can either benefit or jeopardize their homeostasis, depending 
on the intensity of abiotic and biotic factors encountered. If environmental stimuli deviate 
substantially from the organism’s optimal range, the organism initiates specific and/or 
non-specific stress responses. In order to reduce the influence of stress, diverse strategies 
can be implemented i.e., tolerance, resistance and avoidance. Unlike most animals, plants 
are restricted in their mobility. Hence, either the natural resistance mechanisms or the 
acquired tolerance mechanisms have to be initiated to withstand the consequences of 
stress and rapidly adapt to adverse abiotic and biotic cues without relocating themselves 
to a more beneficial environment (Tsaftaris, Polidoros et al. 2008, Gutzat and Mittelsten 
Scheid 2012). It is thought that for this reason, plants evolved the complex physiological 
mechanisms to cope with imposed stress conditions (Boyko and Kovalchuk 2011, Gutzat 
and Mittelsten Scheid 2012). At the same time, it still remains an enigma how exogenous 
environmental stimuli are integrated with endogenous developmental programs in plants.  
A single genome influenced by different factors can give rise to multiple 
distinguishable transcriptomes leading to a variety of proteomes and eventually 
culminating in the altered phenotypic appearance of an organism. Recent evidence argues 
for the epigenetic nature of this phenomenon. Superimposed on the DNA sequence, 
epigenetic components have the potential to provide dexterity and plasticity in terms of 
modulating gene expression and responses to the environmental cues. At the molecular 
level, epigenetic factors manifest themselves through the structural adaptation of 
2 
 
chromosomal regions that is not accompanied by any changes in DNA sequence (Bird 
2007, Kovalchuk and Kovalchuk 2012). 
Curiously, our lab and other labs previously demonstrated that the memory of 
imposed stress can be maintained throughout plant ontogenesis and faithfully propagated 
into the following generation, this phenomenon known as transgenerational epigenetic 
inheritance (Boyko, Blevins et al. 2010, Bilichak, Ilnystkyy et al. 2012, Luna, Bruce et al. 
2012, Rasmann, De Vos et al. 2012). Nonetheless, the exact factors and mechanisms that 
participate in the aforementioned observation remain speculative. We hypothesize that 
alterations in DNA methylation, posttranslational histone modification and small 
RNA metabolism are among the primary causes of transgenerational epigenetic 
inheritance. 
Apart from regulating genome stability by suppressing the activity of 
transposable elements and manipulating gene activity (Chinnusamy and Zhu 2009) the 
epigenetic machinery also plays a critical role in the plant immune system. Both 
posttranscriptional and transcriptional gene silencing pathways were extensively studied 
as the immune factors that counteract viral replication in plant cells (Voinnet 2001, 
Blevins, Rajeswaran et al. 2006, Raja, Sanville et al. 2008). At the same time, the 
involvement of epigenetic modules in the protection of plant genome integrity against the 
bacterial pathogen Agrobacterium tumefaciens, which is widely used in biotechnology 
and has an ability to deliver a portion of its DNA into a plant cell, has largely remained 
unexplored. Based on the available reports, we hypothesize that plants utilize similar 
epigenetic mechanisms to maintain their genome integrity regardless of origin of 
exogenous invading DNA/RNA. 
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The primary goal of our work was to reveal the contribution of epigenetic factors 
to plant genome stability following exposure to abiotic and biotic stresses. To reach this 
goal, three different experiments were established with the following objectives: 
1. A transgenerational salt stress experiment: 
• To perform a detailed analysis of alterations in the DNA methylation profile in 
the progeny of salt-stressed Arabidopsis thaliana plants; 
• To examine changes in the progeny of salt-stressed  Arabidopsis thaliana plants at 
the posttranslational histone modification level; 
•  To correlate the observed perturbations in the epigenetic profile with the 
expression of selected genes in the progeny of salt-stressed Arabidopsis thaliana 
plants. 
2. A transgenerational heat stress experiment: 
• To compare alterations in the small RNAome and transcriptome profiles under 
normal conditions and those in response to heat-shock in Brassica rapa plants, 
using the Illumina GAIIx sequencing platform; 
• To validate the contribution of maternal- and paternal-derived small RNAs to the 
development of transgenerational epigenetic memory; 
• To draw some conclusions regarding the involvement of small RNAs in the 
establishment of transgenerational memory. 
3. The contribution of epigenetic factors to Agrobacterium-mediated plant 
transformation: 
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• To perform screening among mutants impaired in different epigenetic pathways in 
order to select candidates that are the most susceptible to stable Agrobacterium-
mediated transformation; 
• To examine factors contributing to genome integrity in the selected epigenetic 
mutants and relate them to the stable transformation efficiency; 
• To develop a method for transient down-regulation of selected genes to elevate 
transformation efficiency in the model object Arabidopsis thaliana. 
By using two different (although related) plant species, we demonstrate that 
transgenerational epigenetic inheritance of the memory of imposed stress is a cross-
kingdom phenomenon in plants. We further provide evidence that the progeny of stressed 
plants suffer changes in all three components of the epigenetic module: DNA 
methylation, histone posttranslational modification (the transgenerational salt experiment, 
Chapter 3) and small RNA metabolism (the transgenerational heat stress experiment, 
Chapter 4). All the aforementioned perturbations in the epigenetic profile are related to 
fluctuations in the transcriptome profile in tissues of both parents and progeny of stressed 
plants.  
Additionally, in the reverse genetic screening, using mutants compromised in 
either the transcriptional or posttranscriptional gene silencing pathways, two inhibitors of 
Agrobacterium-mediated stable transformation were revealed – AGO2 and NRPD1a. We 
also demonstrate that transient down-regulation of the aforementioned genes using virus-
induced gene silencing can be successfully used to elevate the stable transformation 
efficiency in plants. Finally, we provide additional evidence that supports an idea that 
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plants utilize similar epigenetic pathways against foreign nucleic acids irrespective of 
their origin. 
Overall, the results presented herein provide a strong basis for further 
investigations to consider the components of epigenetic modules as vital regulators of 
plant genome stability in response to stress and as mediators of the transgenerational 
inheritance. 
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2.  LITERATURE REVIEW 
2.1. Epigenetic components involved in the plant stress response 
Plants have developed a plethora of signaling pathways which allow them to 
quickly respond to the alterations in environmental conditions in order to reduce their 
negative impact. Emerging evidence indicates that vascular plants can memorize changes 
in the transcriptome profile after stress exposure and in some cases propagate it into the 
next generation; this phenomenon is termed ‘transgenerational inheritance’. Curiously, 
short-term and transgenerational plasticity of plant phenotypes does not involve changes 
in the DNA sequence, but instead manifests itself in reversible changes of the chromatin 
structure that determine DNA accessibility for transcriptional factors. Chromatin re-
shaping depends on epigenetic factors, such as DNA methylation, histone 
posttranslational modifications/replacements, and small RNA (smRNA) metabolism, 
which form a flexible self-reinforcing loop of gene regulation. In the following chapter, 
we will provide some examples of gene activity regulation through alterations in the 
epigenetic profile in response to environmental stimuli. Additionally, we will discuss a 
systemic propagation of acquired stress-induced epigenetic changes in the progeny and 
the possible contribution of epigenetic components to the process of plant adaptation and 
acclimation. 
 
2.1.1. Stress perception and epigenetics 
Despite numerous complex feedback controls that are known to be activated in 
response to stress, we are still missing a link between stress perception and the epigenetic 
machinery. Recent research sheds new light on this phenomenon, bringing epigenetic 
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factors into a complex stress-sensing mechanism (Kumar and Wigge 2010). A direct 
connection between the perception of ambient temperature fluctuations and modifications 
of the epigenetic landscape comes from the research of Kumar and Wigge (Kumar and 
Wigge 2010). Searching for genes that orchestrate the plant transcriptome in response to 
heat stress, the authors identified the nuclear actin-related protein 6 (arp6) mutants with 
more than 5000 genes that were constitutively misregulated regardless of the ambient 
temperature. A product of the ARP6 gene is a component of the SWR1 chromatin 
remodelling complex which substitutes histone H2A for the alternative histone variant 
H2A.Z in euchromatin nucleosomes (Kobor, Venkatasubrahmanyam et al. 2004, Deal, 
Topp et al. 2007). An increase in the ambient temperature was positively correlated with 
the eviction of H2A.Z from the nucleosomes at the 5′ region of heat-responsive genes. 
Intriguingly, it has recently been shown that ARP6 regulates the expression of phosphate 
starvation genes through mediating the deposition of histone variant H2A.Z at 
transcription-start sites (TSS) of the respective genes (Smith, Jain et al. 2010). Overall, 
the highest degree of diversification in amino acid sequence among histone H2A variants 
is observed in their C-termini (Bonisch and Hake 2012).  
H2A.Z histone replacement has been found to be vital to control immunity of 
Arabidopsis plants against pathogen attacks (March-Diaz, Garcia-Dominguez et al. 2008, 
van den Burg and Takken 2009). Nevertheless, the result of the enrichment of histone 
variant H2A.Z at TSS is not unidirectional since it has both the negative and positive 
effect on the expression of encoded genes, thus suggesting the involvement of additional 
activators or repressors of gene activity (Guillemette, Bataille et al. 2005, March-Diaz, 
Garcia-Dominguez et al. 2008, Kumar and Wigge 2010). Modulation of the 
8 
 
transcriptional activity at TSS enriched with histone variant H2A.Z may also be a 
combinatorial consequence of the number of post-translational modifications at histone 
tails (Bonisch and Hake 2012), an exact nucleosome position relative to a positive 
regulatory DNA sequence (Marques, Laflamme et al. 2010) or an availability of other 
chromatin modifiers. For instance, the H2A.Z histone variant was found to act together 
with 16 different histone modifications at more than 3000 genes in the human genome 
(Wang, Zang et al. 2008). Taking into account a strikingly high conservation of the 
H2A.Z histone variant among different species (almost 80% interspecies identity 
(Bonisch and Hake 2012)), one can hypothesize that H2A.Z maintains the unique and 
specific functions that probably cannot be performed by other histones. Indeed, in 
budding yeast, the htz1∆ mutant which lacks the ability to deposit the corresponding 
yeast histone variant H2A.Z demonstrates a significant correlation of transcriptome 
profile with that in heat-stressed wild-type yeast (Kumar and Wigge 2010). 
Recent studies in Zilberman and Henikoff laboratories have provided a persuasive 
proof that in Arabidopsis, the H2A.Z histone variant and DNA methylation reside in 
different genomic regions and mutually exclude each other from specific loci (Pearson’s 
r=−0.81 for the quantitative distribution of DNA methylation and H2A.Z accumulation) 
(Zilberman, Coleman-Derr et al. 2008). Thus, we can hypothesize that the H2A.Z histone 
variant can be one of the direct epigenetic receptors of the ambient environmental 
conditions that trigger downstream alterations in the epigenetic landscape. The evidence 
for the aforementioned hypothesis can be obtained from the comparison of the epigenetic 
profile (DNA methylation, post-translational histone modifications, small RNA 
expression, etc.) before and after stress with respect to the H2A.Z distribution. 
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Additionally, transgenerational stress experiments on mutant lines of Arabidopsis 
photoperiod-independent early flowering 1 (pie1) and arp6 which are defective in H2A.Z 
deposition at specific loci can reveal the role of H2A.Z in the development of epigenetic 
memory.  
 
2.1.2. DNA methylation and plant stress response 
DNA methylation is a heritable epigenetic mark which involves a reversible 
chemical modification of cytosine residues with a methyl group that is covalently added 
to the C-5 position (Kovalchuk and Kovalchuk 2012). Being discovered almost a century 
ago (Johnson and Coghill 1925), DNA methylation has become a substantial focus of 
research in a number of species including bacteria, fungi, worms, insects, plants and 
mammals (Kovalchuk and Kovalchuk 2012).  
Due to the sessile nature of plants and their inability to escape from unfavourable 
environmental cues that can jeopardize their homeostasis, vascular plants have developed 
a number of pathways of DNA methylation maintainance. The importance of DNA 
methylation in plants has been shown in a number of genetic functions, including 
transcription, replication, recombination, transposition, cell development and 
differentiation (Kovalchuk and Kovalchuk 2012, Mirouze, Lieberman-Lazarovich et al. 
2012). Cytosine methylation is catalyzed by enzymes known as DNA methyltransferases 
(MTases) which utilize S-adenosyl-methionine as the methyl donor (Kovalchuk and 
Kovalchuk 2012). In mammals, symmetric CpG sites are usually preferred as targets for 
methylation, whereas in the plant genomes, the occurrence of methylated cytosines 
appears to arise virtually at any sequence, including symmetric methylation at both CpG 
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and CpHpG sites (where H = A, C, or T) and asymmetric methylation at CpHpH sites 
(Kovalchuk and Kovalchuk 2012). Consequently, only 2 to 8% of mammalian DNA is 
methylated, compared to up to 50% DNA methylation observed in higher plants (Zhu 
2009). 
De novo DNA methylation at asymmetric CpHpH sites in plants is catalyzed by 
methyltransferases DOMAINS REARRANGED METHYLASE 1 and 2 (DRM1 and 
DRM2, respectively) through the RNA-dependent DNA methylation pathway (RdDM) 
(Chinnusamy and Zhu 2009), whereas maintenance methylation of the symmetrical 
sequences CpG and CpHpG is performed by METHYLTRANSFERASE 1 (MET1) and 
CHROMOMETHYLASE 3 (CMT3), respectively (Henderson and Jacobsen 2007). 
Noteworthy, recent studies suggested a high level of redundancy between DNA 
methyltransferases that demonstrate the ability of MET1 and CMT3 to establish de novo 
methylation, whereas the maintenance of symmetrical methylation can be performed by 
DRM1 and DRM2 (Lister, O'Malley et al. 2008).  
Plants also possess enzymes that counteract the activity of DNA methylases 
named ‘DNA demethylases’ (see Table 2.1). DNA demethylases such as DEMETER 
(DME), REPRESSOR OF SILENCING1 (ROS1) and DEMETER-LIKE (DML) 
PROTEINS DML2 AND DML3 belong to a small family of DNA glycosylases involved 
in DNA base excision repair (BER) and are the main enzymes which contribute to the 
active locus-specific and global DNA demethylation (Saze, Tsugane et al. 2012). 
Genome-wide analysis of the distribution of methylated cytosines (meC) in a 
number of plant species indicates the enrichment of methylated DNA predominantly at 
repeats and transposons (on average, 90% of all sequences are methylated) where a 
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transcriptionally repressed chromatin state is maintained (Lippman, Gendrel et al. 2004, 
Vaughn, Tanurdzic et al. 2007, Li, Wang et al. 2008, Wang, Elling et al. 2009). A 
comparison of methylome and transcriptome data in Arabidopsis plants revealed that 
moderately expressed genes exhibit DNA methylation at the transcribed coding region, 
while both high and low expressed genes demonstrate a significantly lower level of 
methylation (Zilberman, Gehring et al. 2007, Cokus, Feng et al. 2008, Lister, O'Malley et 
al. 2008). An increase of methylation levels in coding sequences of actively transcribed 
genes is thought to be the outcome of small interfering RNA-mediated (siRNA) 
suppression of the expression of non-canonical promoters that reside within the coding 
region (Lauria and Rossi 2011). On the contrary, the occurrence of the meC at the 5′ 
region of the gene (including the promoter and part of the transcribed sequence) and at 
the 3′ region (including part of the coding sequence and the 3′ UTR) is negatively 
correlated with gene expression and may be involved in tissue-specific gene expression 
and pathogen response (Zilberman, Gehring et al. 2007, Gehring, Bubb et al. 2009, 
Zemach, Kim et al. 2010, Dowen, Pelizzola et al. 2012).  
An additional level of transcriptome regulation orchestrated by DNA methylation 
is achieved through the modulation of alternative splicing sites (Zhou, Lu et al. 2012). 
Recently, it has been speculated that DNA methylation may contribute to the definition of 
exon-intron boundaries with preferably higher methylation levels of exons as compared 
to introns, and the enrichment of meC in DNA sequences wrapped around histone 
octamers rather than linker sequences (Chodavarapu, Feng et al. 2010). Using an 
immunoprecipitation technique, Chodavarapu et al. (2010) have demonstrated the higher 
enrichment of RNA polymerase II (Pol II) in the exon regions comparing to the intron 
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regions. A preferential deposition of nucleosomes at the exon sequences leads to the Pol 
II stalling at the intron–exon and exon–intron boundaries which results in precise mRNA 
splicing (Chodavarapu, Feng et al. 2010). Taking into account that at least ∼42% of the 
intron-containing genes in Arabidopsis are alternatively spliced (Filichkin, Priest et al. 
2010), DNA methylation accompanied by other chromatin marks undoubtedly provides a 
global and fine-tuned mechanism of gene expression regulation.  
Stress-regulated alternative splicing in plants has been previously documented 
(Ali and Reddy 2008); nevertheless, it still remains to be elucidated how the epigenetic 
machinery contributes to this phenomenon. 
A general overview of DNA methylation alterations in response to stress indicates 
stress-dependent changes of methylation at specific loci. For instance, osmotic stress 
triggers transient DNA hypermethylation at the repetitive heterochromatic loci in tobacco 
cell suspension culture (Kovar˘ik, Koukalová et al. 1997), while aluminum, salt, paraquat 
and cold stresses initiate a decrease in CpG methylation in the coding region of the 
GLYCEROPHOSPHODIESTERASE-LIKE gene (NtGPDL) in tobacco plants (Choi and 
Sano 2007).  
It appears that global demethylation leading to the activation of gene expression is 
an immediate response to stress that is more common in plants. The examples include 
global DNA hypomethylation after abiotic stress in a number of species: Broynia dioica 
(Galaud, Gaspar et al. 1993), maize (Steward, Ito et al. 2002), rice (Wang, Pan et al. 
2011), Trifolium repens L. and Cannabis sativa L. (Aina, Sgorbati et al. 2004). Similarly, 
Pseudomonas syringae-challenged Arabidopsis plants (Pavet, Quintero et al. 2006) as 
well as virus infected tomato plants (Mason, Noris et al. 2008) exhibit DNA 
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hypomethylation at centromeric repeats and in several genomic regions involved in 
defence and stress responses, respectively. At the same time, Mesembryanthemum 
crystallinum plants exposed to salt stress demonstrated a twofold increase in CpHpG 
methylation (Dyachenko, Zakharchenko et al. 2006). Also, an age-dependent increase in 
global DNA methylation was correlated with the development of resistance in adult 
plants to the blight pathogen Xanthomonas oryzae in rice (Sha, Lin et al. 2005).   
Unfortunately, the link between direct exposure to stress and global or sequence-
specific DNA demethylation has not been established yet. The most plausible explanation 
of this phenomenon manifests from the studies showing the generation of ROS upon 
exposure to abiotic stress that results in oxidation of guanosine residues, which 
subsequently leads to the formation of 8-hydroxyguanosine (Dionisio-Sese and Tobita 
1998). The occurrence of 8-hydroxyguanosine in the CpG sequences strongly suppresses 
methylation of adjacent cytosine residues (Cerda and Weitzman 1997). Nevertheless, this 
hypothesis of passive DNA demethylation does not include a rapid demethylation at the 
NtGPDL genomic locus that has been reported to occur as soon as 1 h after stress 
exposure (Choi and Sano 2007). The involvement of one type of DNA demethylases, 
DML3, in the active DNA demethylation process can also be excluded because in 
Arabidopsis seedlings, DML3 is negatively regulated by miR402 which is induced upon 
salt, dehydration or cold stress (Kim, Kwak et al. 2010). However, recently it has been 
suggested that DNA demethylation may be guided to specific loci by ROS3, an RNA- 
recognition motif containing protein which uses small RNAs as guides. ROS3 can 
interact with the DNA demethylase ROS1 and possibly guide it to target loci for 
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demethylation (Zheng, Pontes et al. 2008), thus suggesting an intriguing and dynamic 
interplay between DNA methylation and demethylation pathways.  
A decrease in DNA methylation in mutants impaired in CpG maintenance 
methylation (met1) and non-CpG methylation (drm1/drm2/cmt3 triple mutant) has been 
shown to result in a significantly higher resistance against bacterial pathogen 
Pseudomonas syringae pv. tomato DC3000 (Pst) as compared to that in wild-type 
Arabidopsis plants, thus suggesting that DNA methylation, at least to some extent, 
suppresses plant defense mechanisms (Dowen, Pelizzola et al. 2012). A detailed analysis 
of the methylome profile in response to pathogen attack has revealed a number of 
transposable elements (TEs), pathogen responsive and protein-coding genes that were 
differentially methylated at the 5th day post infection in wild-type plants (Dowen, 
Pelizzola et al. 2012). Moreover, altered methylation of sequences encoding TEs was 
linked to their own expression and/or the expression of neighbouring genes as well as the 
accumulation of TE-associated 21-nt long siRNAs (Dowen, Pelizzola et al. 2012). The 
authors speculated that a pool of 21-nt long siRNAs can be used as non-cell-autonomous 
messengers that arise upon stress exposure in somatic tissues and eventually can shape 
the epigenome of gametes, which results in transgenerational stress memory. Taking into 
account the possible dual function of small RNAs in the process of DNA methylation, 
this is an intriguing hypothesis. Future research should address this interesting 
phenomenon and may reveal a link between the target demethylation pathway and plant 
response upon stress exposure.   
In recent studies, the strong relationship has been established between DNA 
hypermethylation at particular loci in response to environmental cues and epigenetic 
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factors involved (Baek, Jiang et al. 2011, Tricker, Gibbings et al. 2012). For instance, the 
tandem repeat upstream of the start codon of a sodium transporter gene in Arabidopsis 
has been shown to be a putative small RNA-mediated target for methylation associated 
with salt stress tolerance (Baek, Jiang et al. 2011). A plausible relationship has been also 
reported between the transcriptional repression of two genes that control stomata 
development, the RdDM pathway and a decreased number of stomata in Arabidopsis 
plants cultivated under low humidity (Tricker, Gibbings et al. 2012).  
Despite the undeniable role of DNA methylation in plant stress response, an 
increasing body of evidence indicates the involvement of histone occupation, octamer 
positioning and posttranslational histone modifications as the primary stress receptive 
elements that can act either in cooperation with (Baubec, Dinh et al. 2010, Bilichak, 
Ilnystkyy et al. 2012) or apart from DNA methylation (Lang-Mladek, Popova et al. 2010, 
Tittel-Elmer, Bucher et al. 2010).  
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Table 2.1. Plant DNA methyltransferases and demethylases 
Gene Name 
Target 
Sequence 
Effects on Chromatin 
/Transcription 
Effects of Mutation 
METHYLTRANSFERASE1 
(MET1) 
CpG 
Maintains the global 
methylation of symmetrical 
CpG sites; involved in the 
RdDM pathway/Repression 
Inability to establish CpG 
methylation; a passive 
decrease of DNA 
methylation throughout 
generations 
CHROMOMETHYLASE3 
(CMT3) 
Primarily 
CpHpG 
Targets centromeric repeats 
and transposons; partially 
contributes to the 
establishment of DNA 
methylation at the CpG and 
CpHpG contexts/Repression 
Loss of CpHpG 
methylation 
DOMAIN REARRANGED 
METHYLTRANSFERASES 
(DRM1, DRM2) 
CpG, 
CpHpG and 
CpHpH 
De novo methylation of 
asymmetric sites; DRM2 is 
involved in de novo 
methylation of CpG 
sequences in the RdDM 
pathway/Repression 
Loss of de novo DNA 
methylation 
DEMETER (DME) 
CpG, 
CpHpG and 
CpHpH 
Demethylation of silenced 
promoter sequences through 
nucleotide excision repair 
(NER) pathway/Activation 
Inability to activate 
imprinted genes; seed 
abortion 
REPRESSOR OF 
SILENCING1 (ROS1) 
CpG, 
CpHpG and 
CpHpH 
Demethylation activity on 
methylated promoter 
sequences/Activation 
Local hypermethylation 
and transcriptional gene 
silencing; reduced 
tolerance to genotoxic 
agents 
DEMETER-LIKE (DML) 
PROTEINS: DML2 AND 
DML3 
CpG, 
CpHpG and 
CpHpH 
Demethylation of genes at 
the 5΄ and 3΄ regions, which 
leads to the reduced 
accumulation of both 
methylation at or near genes 
and a decrease in the 
number of stable epialleles 
/mostly unchanged 
Hypermethylation of genes 
at the 5΄ and 3΄ regions 
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2.1.3. Chromatin fluctuations and plant stress response 
The regulation of gene expression is not a one-dimensional process; it typically 
involves a tightly interwoven complex of chromatin modifiers that is connected to 
posttranslational histone modifications (PTM), ATP-dependent chromatin remodelling 
and histone variant replacement. In contrast to DNA methylation, histone modifications 
on the amino-terminal tails are highly variable and multifarious, but their role in 
chromatin regulation and gene expression is sometimes not completely obvious (see 
Table 2.2). The high complexity of encoded information carried by histone epigenetic 
marks originates from a large number of possible posttranslational modifications 
combined with different histone variants that together form a histone code of a cell 
(Chinnusamy and Zhu 2009, Kovalchuk and Kovalchuk 2012). Protruding from the 
globular nucleosome core, histone tails can undergo different PTMs such as: acetylation, 
methylation, phosphorylation, ubiquitination, sumoylation, biotinylation, carbonylation, 
glycosylation and ADP ribosylation catalyzed by a plethora of enzymes (Tariq and 
Paszkowski 2004, Kouzarides 2007, Liu, Lu et al. 2010, Lauria and Rossi 2011, Berr, 
Menard et al. 2012).  
A wide range of histone modifications has been connected to the gene activity. 
Elevated gene expression correlates with the enrichment of acetylation, certain 
phosphorylation and ubiquitination (Sridhar, Kapoor et al. 2007, Zhang, Sridhar et al. 
2007) in histone N-terminal regions, while down-regulation is linked to biotinylation and 
sumoylation (Camporeale, Oommen et al. 2007, Chen, Lv et al. 2010). Histone 
methylation plays a dual role in the modulation of gene activity depending on the lysine 
and arginine residues modified and a number of methyl groups attached to each lysine 
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residue. A genome-wide analysis of histone methylation marks in plants revealed that 
trimethylation of histone 3 lysine 4 and di-/trimethylation of histone 3 lysine 36 
(H3K4me3 and H3K36me2/me3, respectively) are enriched in actively transcribed gene 
sequences, whereas H3K27me3 and H3K9me2 are the main gene silencing markers 
(Zhang, Clarenz et al. 2007, Wang, Elling et al. 2009). A few histone methylation 
modifications such as H3K27me1, H3K27me2 and H4K20me1 have been found to be 
accumulated in both transposon regions and constitutive heterochromatin regions 
(Roudier, Ahmed et al. 2011).  
Increasing evidence indicates that a range of histone epigenetic marks co-interact 
with each other and form the combinatorial clusters of gene expression regulation (Strahl 
and Allis 2000, Berger 2007, Wang, Zang et al. 2008, Roudier, Ahmed et al. 2011). For 
instance, a genome-wide analysis of the distribution of 39 histone modifications in 
CD4+T human cells revealed a common module consisting of 17 histone PTMs that were 
significantly enriched at 3,286 promoters of actively transcribed genes (Wang, Zang et al. 
2008). A similar histone module has been recently described in Arabidopsis with 12 
histone marks that have been found in about 90% of the genome (Roudier, Ahmed et al. 
2011). In silico predictions of the distribution of the combinatorial cluster allowed the 
authors to define four main chromatin states in the Arabidopsis nucleus that mainly 
encompass active genes, repressed genes, silent repeat elements and intergenic regions. 
Furthermore, a strong association has been reported between the distribution of particular 
histone modifications and different categories of tissue-specific alternative splicing 
patterns (Zhou, Lu et al. 2012).  
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The association between chromatin marks and their fluctuations in response to 
stress is becoming a primary focus of plant epigenetic research. A growing body of 
evidence indicates that histone modifications are at the forefront of stress signal 
perception, modulation of gene activities and stress response. Nevertheless, such 
modifications at the histone tails may or may not be truly epigenetic in nature since the 
mechanism of propagation of histone code during DNA replication remains obscure, and 
it is thought that regardless of the circumstances, not all PTMs of histones are faithfully 
transmitted to daughter cells in the absence of the maintenance signal (Chinnusamy and 
Zhu 2009, Bonasio, Tu et al. 2010).  
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Table 2.2. Posttranslational histone modifications in plants 
Enzyme category Residue Type of modification 
Effect on the 
transcription 
Histone 
acetyltransferase 
Lysine Acetylation Activation 
Histone deacetylases Lysine Deacetylation Inhibition 
Histone 
methyltransferases 
Lysine Methylation 
Depends on the 
histone residue 
Histone demethylases Lysine Demethylation 
Depends on the 
histone residue 
Ubiquitin ligase Lysine Ubiquitination Activation 
Ubiquitin protease Lysine Deubiquitination Repression 
Kinase Serine/Threonine Phosphorylation Activation 
Phosphatase Serine/Threonine Dephosphorylation Inhibition 
Arginine 
methyltransferases 
Arginine Methylation 
Either activation or 
repression 
Deiminase Arginine Demethylation 
Either activation or 
repression 
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2.1.4. Histone acetylation and plant stress response  
Environmental and endogenous cues can affect gene activity through alteration at 
the histone acetylation level. For instance, in Arabidopsis, histone deacetylases (HDAs), 
namely HDA6 and HDA19, catalyze deacetylation at several loci in response to abiotic 
and biotic stresses. Both genes are receptive to jasmonic acid (JA), and in the case of 
HDA19 possibly, mediates the plant pathogen response through the JA-regulated 
PATHOGENESIS-RELATED (PR) genes (Zhou, Zhang et al. 2005, Wu, Zhang et al. 
2008). Furthermore, studies on Arabidopsis knockouts revealed the involvement of the 
histone H4 deacetylase (HOS15) (for HIGH EXPRESSION OF OSMOTICALLY 
RESPONSIVE GENES) in cold stress response (Zheng, Pontes et al. 2008). Interestingly, 
hos15 mutant plants demonstrated constitutive expression of stress-related genes, such as 
COLD REGULATED 15A and ALCOHOL DEHYDROGENASE 1, albeit they were 
unable to cope with cold stress unlike wild-type plants.  
Overexpression of a histone deacetylase from Arabidopsis, AtHD2C, which is a 
member of the plant-specific HD2 family of HDA resulted in activating the abscisic acid 
(ABA) responsive genes and elevated salt and drought tolerance as compared to that in 
wild-type plants (Sridha and Wu 2006), thus suggesting that either histone acetylation 
suppresses plant stress tolerance, at least in the aforementioned examples, or HDAs 
demonstrate a locus-specific activity upon stress exposure. In support of the last 
statement, in the yeast Saccharomyces cerevisiae, it was shown that the stress-responsive 
mitogen-activated protein kinase Hog1 guides Rpd3 HDA to the promoters of stress 
related genes, which eventually leads to histone deacetylation, the entry of Pol II and 
initiation of gene expression (De Nadal, Zapater et al. 2004).  
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2.1.5. Histone methylation and plant stress response 
Available data on the genome-wide histone modification distribution in 
Arabidopsis allowed combining certain histone acetylation (H3K56ac), methylation 
(H3K4me2 and 3, H3K9me2 and 3, H3K27me1, 2 and 3, H3K36me3 and H4K20me1) 
and ubiquitinylation (H2Bub) marks into one module, thus providing an explicit proof of 
a tight interplay between a number of histone modifications (Roudier, Ahmed et al. 
2011). Therefore, it is safe to assume that alterations in certain chromatin marks upon 
stress exposure would bring a range of other modifications at the same locus. A typical 
example includes the accumulation of two repressive chromatin marks, H3K9me2 and 
H3K27me3, at the potent floral repressor, the FLOWERING LOCUS  C  (FLC) gene, 
after vernalization (Kim and Sung 2012).  Similarly, recently it has been shown that the 
activation of the PR1 gene in response to salicylic acid (SA) treatment or pathogen attack 
is correlated with the enrichment of permissive chromatin marks H3K4me2, H3K4me3 
and H3ac in the promoter region (Mosher, Durrant et al. 2006, De-La-Pena, Rangel-Cano 
et al. 2012).  
In a screen of genes required for the accelerated cell death 11 (acd11) mutant 
phenotype which exhibits a constant autoimmune response regardless of pathogen 
perception, a histone lysine methyltransferase SET (Su(var)3-9, E(z) and the Trithorax-
conserved) DOMAIN GROUP 8 (SDG8) gene was revealed (Palma, Thorgrimsen et al. 
2010). The Arabidopsis SDG8 protein associated with methylations at H3K36 
implements a regulatory function on the lazarus 5 resistance (R) gene which modulates 
strong defense responses upon pathogen attack. sdg8 mutant plants failed to develop full 
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resistance to different strains of virulent Pseudomonas pathogens, indicating that SDG8 
apparently targets a subset of R genes for activation (Palma, Thorgrimsen et al. 2010).  
Recently, histone posttranslational modifications also have been shown to be 
involved in priming defence genes that permits an organism to respond faster and with a 
higher extent to biotic stresses (Jaskiewicz, Conrath et al. 2011). The same study also 
provides evidence of systemic epigenetic responses at the histone level in bystander 
leaves. Following the localized foliar infection by the pathogen Pseudomonas syringae 
pv. maculicola, the authors examined histone epigenetic marks at the promoter regions of 
stress-responsive transcription factors of the WRKY family proteins in distal untreated 
leaves. Three known WRKY promoters (WRKY29, WRKY6 and WRKY53) demonstrated a 
significant accumulation of permissive chromatin marks: H3K4me2 and 3, H4K5ac, 
H4K8ac and H4K12ac, but failed to show an increase in transcription from the same 
genes without the direct stress application. These data allowed the authors to speculate 
that histone marks set a transcriptionally competent state of stress-related genes in 
systemic tissues which allows for the rapid initiation of transcription and, apparently, 
mediates SAR in response to pathogen attacks.  
 
2.1.6. Histone phosphorylation/ubiquitination and plant stress response 
In plants, phosphorylation of serine and threonine residues of  histone tails is 
catalyzed by a wide range of kinases, the most prominent of which are Aurora and NIMA 
kinases that phosphorylate histone H3 at serine 10 and haspin-like kinase (a haploid germ 
cell-specific nuclear protein) with the phosphorylation activity at threonine 3 of histone 
24 
 
H3 (Houben, Demidov et al. 2007). The removal of phosphate groups from histone tails 
is catalyzed by the protein phosphatase 1 (PP1) family enzymes.  
Similar to other histone epigenetic marks, histone phosphorylation has been 
linked to the modulation of gene activity, DNA damage repair, chromatin structure and 
apoptosis (Loury and Sassone-Corsi 2004, Houben, Demidov et al. 2007). For instance, 
phosphorylation of H2B and histone variant H2A.X at serine 14 was linked to the onset 
of apoptotic chromatin condensation and DNA fragmentation, respectively (Cheung, 
Ajiro et al. 2003, Thiriet and Hayes 2005). Phosphorylation of the H2A.X histone variant 
at serine 4 residues of the C-terminal tail generates a phosphorylated form known as γ-
H2A.X (Redon, Pilch et al. 2002). The C-terminal tail domain projects out towards the 
front of the nucleosome and interacts with the linker DNA entering the nucleosome, thus 
making the C-terminus relatively accessible for diffusible factors, and its phosphorylation 
is believed to be a hallmark of DNA double-strand breaks. Indeed, the accumulation of γ-
H2A.X initiates the accumulation of other components involved in DNA double-strand 
break repair and transcription (Thiriet and Hayes 2005, Lang, Smetana et al. 2012).  
Histone monoubiquitination in Arabidopsis plants occurs at lysine 143 of histone 
H2B and lysine 121 of the histone variant H2A.1 with the help of the ubiquitin E3 ligase, 
HISTONE MONOUBIQUITINATION1 (HUB1) and polycomb group (PcG) proteins, 
the PRC1 RING-finger homologs AtBMI1A and AtBMI1B, respectively (Weake and 
Workman 2008, Bratzel, Lopez-Torrejon et al. 2010, Himanen, Woloszynska et al. 2012).  
Overall, phosphorylation at Ser10 and Ser28 residues of histone H3 and 
monoubiquitination of H2B at Lys143 have been correlated with transcription activation 
(Khorasanizadeh 2004). For instance, global enrichment of H3 phosphorylated at Ser10 
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and phosphoacetylated histone H3 was sufficient to up-regulate stress-related genes in 
response to high salinity, cold and the exogenous ABA application in tobacco and 
Arabidopsis cell suspension cultures (Sokol, Kwiatkowska et al. 2007), whereas inducing 
monoubiquitination of histone H2B in Arabidopsis plants led to elevated plant tolerance 
to necrotrophic fungi (Dhawan, Luo et al. 2009). 
 
2.1.7. ATP-dependent chromatin remodelling and plant stress response 
Chromatin remodelling which utilizes the energy of ATP molecules for altering 
histone-DNA interactions was found to be an additional dynamic and vital process that 
modulates gene expression in response to stress (Gutzat and Mittelsten Scheid 2012). 
There are three main classes of the ATP-dependent chromatin remodelling complexes 
that are known to exist in plants: the imitation switch (ISWI) ATPases, the SWI/SNF 
ATPases and the chromodomain and helicase-like domain (CHD) ATPases (Kwon and 
Wagner 2007, Walley, Rowe et al. 2008).  
Thus far, only a handful of the ATP-dependent chromatin remodelling proteins 
have been implicated in the plant stress response and development. For instance, the 
SWI/SNF class chromatin remodelling ATPase SPLAYED (SYD) was documented to be 
involved in the regulation of a range of stress-related and developmental processes 
(Bezhani, Winter et al. 2007, Walley, Rowe et al. 2008). A different member of the same 
class - SWI3B - is able to interact with the ABA co-receptor, HYPERSENSITIVE TO 
ABA1 (HAB1) and is a positive regulator of the ABA-mediated response (Saez, 
Rodrigues et al. 2008). Also, the SNF2/Brahma-type chromatin-remodelling protein 
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AtCHR12 was suggested to play a role in mediating the temporary growth arrest of 
Arabidopsis under stress conditions (Luo, Liu et al. 2012). 
The involvement of chromatin remodelling distinct from DNA methylation and 
certain histone epigenetic marks in the activation of repetitive elements upon heat shock 
has been recently reported in Arabidopsis (Pecinka, Dinh et al. 2010, Tittel-Elmer, 
Bucher et al. 2010). Nucleosome loading was significantly but reversibly reduced at TE 
loci in response to the prolonged heat stress (Pecinka, Dinh et al. 2010). The participation 
of nucleosome occupancy rather than DNA or histone methylation in transcriptional 
regulation of TEs was further suggested by delayed re-silencing of heat stress-activated 
retrotransposons (TSI and ATHILA-related) in CHROMATIN ASSEMBLY FACTOR 1 
(CAF-1) mutants (Pecinka and Mittelsten Scheid 2012).  
 
2.1.8. The metabolism of small RNAs and plant stress response 
A novel type of non-coding RNAs, so called small RNAs (smRNAs), has recently 
emerged and complemented the epigenetic mechanism of gene expression regulation. 
Ranging from 20- to 27-nt in length, smRNAs are vital regulators of global epigenome 
alterations during plant ontogenesis and periconception which covers gametogenesis, 
fertilization, and early zygotic development (Slotkin, Vaughn et al. 2009, Bourc'his and 
Voinnet 2010). Additionally, apart from being dynamically involved in promoting the 
formation of long-term memory, smRNAs also preserve genome integrity from the 
effects of potentially harmful genomic parasites like transposons. RNA silencing is a 
major mechanism of smRNA action by triggering either transcriptional (through DNA 
methylation) or posttranscriptional (through RNA degradation) gene silencing of 
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complementary DNA or RNA, respectively. In both pathways, smRNAs are used as the 
guides that direct effector proteins to the target nucleic acid molecules through base-
pairing interactions (Carthew and Sontheimer 2009). 
There are two major classes of smRNAs known in plants as small interfering 
RNAs (siRNAs) and micro RNAs (miRNAs). Whereas the former ones are processed 
from long double-stranded (dsRNA) or single-stranded RNAs (ssRNAs) with 
substantially perfect or near perfect hairpins, the later ones are generated from single-
stranded stem-loop-like structures of precursor miRNAs that are folded - pre-miRNAs - 
through a two-step or sometimes multi-step process (Ramachandran and Chen 2008). The 
second strand of dsRNA molecules can be synthesized by either of six Arabidopsis RNA-
dependent RNA polymerases (RDRs) that recognize aberrant decapped mRNAs 
(Brosnan, Mitter et al. 2007).  
Massive amounts of data produced by the next-generation sequencing 
technologies revealed a variety of siRNAs expressed from endogenous loci. Three main 
classes of endogenous siRNAs have been put together regarding the loci from which they 
are generated: natural-antisense transcript-derived siRNAs (nat-siRNAs), ncRNAs 
produced from two overlapping and partially converging coding transcripts (Borsani, Zhu 
et al. 2005); heterochromatic or repeat-associated siRNAs (hc- or ra-siRNAs, 
respectively), dsRNAs generated from heterochromatin and DNA repeat loci (Guleria, 
Mahajan et al. 2011); trans-acting siRNAs (ta-siRNAs), miRNA-guided cleavage 
products of mRNA which are recognized and converted into dsRNAs by RDRs (Borsani, 
Zhu et al. 2005, Sunkar, Chinnusamy et al. 2007, Grativol, Hemerly et al. 2012).  
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DsRNA processing named ‘dicing’ is performed by one or more of the four Dicer-
like proteins (DCL) with the Ribonuclease III-like activity. DCL1 generates 18–21 nt-
long smRNAs, while DCL2, DCL3, and DCL4 produce 22, 24, and 21 nt-long smRNAs, 
respectively (Ruiz-Ferrer and Voinnet 2009). Following dicing, smRNAs with 3΄ 
overhang ends are 2΄-O-methylated by the methyltransferase HUA ENHANCER 1 
(HEN1) that protects them from degradation. Later, smRNA duplexes can be either 
retained in the nucleus for the TGS pathway or exported to the cytoplasm, possibly 
through the exportin-5 homolog HASTY (HST) for PTGS. In the former scenario, 
smRNAs are picked by one of the PAZ and PIWI domain containing enzymes with 
endonucleolytic activities, ARGONAUTE 4 (AGO4), and incorporated into the RNA-
induced transcriptional silencing complex (RITS) to promote sequence-specific DNA 
methylation. Besides AGO4 and siRNA, the RITS complex includes DOMAINS 
REARRANGED METHYLTRANSFERASE 2 (DRM2), the DDR complex composed of 
DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1 (DRD1), DEFECTIVE IN 
MERISTEM SILENCING 3 (DMS3), RNA-DIRECTED DNA METHYLATION 1 
(RDM1) and Pol V (Law, Ausin et al. 2010, Kovalchuk and Kovalchuk 2012). 
When siRNAs are guided from the nucleus, they are primarily picked by AGO6 
and incorporated into the RNA-induced silencing complex (RISC) that scans the cell for 
complementary nucleic acids to execute its silencing function (Ramachandran and Chen 
2008). The Arabidopsis genome encodes ten AGO proteins with the RNA-binding PAZ 
and RNase H-like PIWI domains that belong to three phylogenetic clades. Nevertheless, 
only a handful of AGOs has been ascribed to pathways in which they modulate gene 
activity (Vaucheret 2008). 
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2.1.9. Natural antisense transcript-derived siRNAs and plant stress response  
Natural antisense transcript-derived siRNAs are a class of endogenous ncRNAs of 
21-24-nt in length that fall into two groups regarding the origin of transcripts from which 
they are generated. Nat-siRNAs produced from mRNAs which are transcribed from 
opposite strands at the same locus are called cis-nat-siRNAs, while those generated from 
distinct genomic regions are named trans-nat-siRNAs. The members of both groups were 
found to regulate gene activity at the posttranscriptional level by guiding mRNA cleavage 
(Kovalchuk and Kovalchuk 2012). 
cis-nat-siRNAs generated from convergently transcribed RNAs of DELTA-1-
PYRROLINE-5-CARBOXYLATE DEHYDROGENASE (P5CDH) and SIMILAR TO RCD 
ONE 5 (SRO5) genes were the first discovered nat-siRNAs in plants expressed in 
response to salt stress (Borsani, Zhu et al. 2005). Whereas the former gene encodes a 
constitutively expressed enzyme involved in proline metabolism, the later one is activated 
only in response to salt stress. When overlapping transcripts are generated, DCL2 and 
DICER RNA BINDING FACTOR (DRB) partners cleave the dsRNA duplex. Later, 
truncated P5CDH mRNA can become a substrate for the RNA-DEPENDENT RNA 
POLYMERASE6 (RDR6) together with SUPRESSOR OF GENE SILENCING3 
(SGS3), which results in the generation of longer RNA duplexes. The formation of nat-
siRNAs promotes the degradation of P5CDH mRNA, thus leading to proline 
accumulation, an important metabolite involved in developing salt stress tolerance 
(Borsani, Zhu et al. 2005).  
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Infection of Arabidopsis plants with the bacterial pathogen Pseudomonas syringae 
carrying effector avrRpt2 results in the generation of another cis-nat-siRNA - nat-
siRNAATGB2 derived from the overlapping region of a Rab2-like small GTP-binding 
protein gene (ATGB2) and a PENTATRICOPEPTIDE REPEATS (PPR) protein-like gene 
(PPRL) (Katiyar-Agarwal, Morgan et al. 2006). It was shown that the production of this 
cis-nat-siRNA requires activities of HYL1, HEN1, RDR6, SGS3, and Pol IVa. The 
specific induction of 22 nt-long nat-siRNAATGB2 leads to silencing of the antisense 
gene PPRL, which apparently is a negative regulator of the pathogen signalling pathway. 
Therefore, the down-regulation of PPRL by nat-siRNAATGB2 plays a positive role in 
plant resistance against bacterial pathogens (Katiyar-Agarwal, Morgan et al. 2006). 
The most recent genome-wide analysis of cis-nat-siRNAs has identified 17,141 
and 56,209 unique nat-siRNA sequences in Arabidopsis plants exposed to biotic and 
abiotic stresses and abiotic stressed rice, respectively (Zhang, Xia et al. 2012). The 
biogenesis analysis revealed that the expression of 20-22-mer cis-nat-siRNAs is 
dependent on DCL1, whereas siRNAs ranging from 23 to 28 nt in length are produced by 
DCL3. Interestingly, the authors have revealed that many of the 21 nt-long nat-siRNAs 
were able to down-regulate their target transcripts, whereas the 24 nt-long siRNAs did 
not demonstrate a significant silencing activity.  
The possible discrimination between the pathways in which smRNAs modulate 
gene activity comes from ten AGO proteins which demonstrate their preference to 
different siRNAs regarding their length and 5΄ terminal nucleotide (Mallory and 
Vaucheret 2010). For instance, the majority of AGO1-associated smRNAs are either 21 
or 22 nt in length and carry 5΄ U, while most of the smRNAs associated with AGO2 are 
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21 nt-long and have 5΄A. Furthermore, AGO4, AGO6, and AGO9 mostly precipitate with 
smRNAs which are 24 nt-long and have 5΄ A, whereas AGO5 interacts with 24 nt-long 
smRNAs with 5΄C (Mallory and Vaucheret 2010). Since AGO proteins have been found 
to act selectively in the distinct silencing pathways, smRNAs of different sizes and with 
distinct 5΄ terminal nucleotides can repress gene expression either at the 
posttranscriptional level via PTGS or at the chromatin level through TGS depending on 
the AGO protein with which they interact. An example of siRNAs acting in the TGS 
pathway includes hc- and ra-siRNAs. 
 
2.1.10. Heterochromatic and repeat-associated siRNAs and plant stress 
response 
Heterochromatic and repeat-associated siRNAs (hc- and ra-siRNAs, respectively) 
are produced from transcripts generated at the heterochromatic regions and repetitive 
elements, respectively. Hc-siRNAs-mediated TGS plays an important role in defence 
against the proliferation of endogenous transposons and restriction of undesirable gene 
expression through DNA methylation and histone modifications.  
A reinforcing heterochromatic loop begins from the generation of transcripts by 
Pol II, Pol III and Pol IV. Later, RNA from heterochromatic loci or repetitive elements is 
targeted by RDR2 to produce long dsRNAs followed by DCL3/DRB cleavage of dsRNA 
into 24 nt-long duplexes which are then methylated by HEN1. These 24 nt-long siRNAs 
are picked by AGO4 and incorporated into RITS that eventually mediates cytosine 
methylation of complementary DNA sequences through the RNA-dependent DNA 
methylation pathway (RdDM) (Zhang, Henderson et al. 2007, Haag and Pikaard 2011, 
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Kovalchuk and Kovalchuk 2012). The strand with the weaker hydrogen bonded 5΄ end is 
preferentially selected as siRNA, while the opposite strand is degraded (Haag and 
Pikaard 2011). Then, the complete siRNA-guided RITS complex possibly interacts with 
another plant-specific polymerase – PoI V. Apparently, Pol V transcripts and the Pol V 
largest subunit bring the RITS complex into the proximity of chromatin to be modified, 
eventually enabelling recruitment specific chromatin modifiers (Haag and Pikaard 2011).  
In plants, smRNA-directed cytosine methylation occurs within any sequence 
regions and is thought to be primarily performed by de novo methyltransferase DRM2 
armed with the members of the DDR complex. Silencing at the targeted locus can be 
further reinforced by the accumulation of repressive chromatin marks. For instance, the 
removal of permissive chromatin marks (histone acetylation and H3K4me3) and the 
enrichment of repressive chromatin marks (H3K9me2 and H3K27me) contribute to 
transcriptional silencing at sites which are subject to Pol IV- and Pol V-mediated RdDM 
(Haag and Pikaard 2011).  
The contribution of hc- and ra-siRNA to the immobilization of retrotransposons 
was further supported in the stress experiments that involved mutants impaired in the 
siRNA pathway (Ito, Gaubert et al. 2011). The authors demonstrated that heat-stressed 
Arabidopsis mutants nrpd1, nrpd2 and rdr2 significantly accumulate transcripts of a 
copia-type retrotransposon ONSEN which also generates extrachromosomal DNA 
copies. Following stress exposure, ONSEN transcripts and the extrachromosomal DNA 
copies gradually vanished; new ONSEN insertions were not detected in the genomic 
DNA of either wild-type or nrpd1 plants. Enigmatically, high frequency 
retrotransposition was observed in the following generation of stressed mutant plants that 
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were compromised in the siRNA's metabolism. These results suggest either the 
occurrence of stress memory that was maintained throughout the development of mutant 
plants or an insufficient reinforcement of repressive chromatin marks that usually follows 
the Pol IV-mediated transposons transcription.  
Interestingly, two recent reports in Drosophila and Arabidopsis have shown that 
smRNAs produced from transposon regions can affect the expression of endogenous 
genes, thus bridging TE and gene regulation networks. In the Drosophila early embryo, 
TE-originated PIWI-interacting smRNAs (piRNAs) can silence the nanos mRNA which 
is essential for a proper embryo segmentation (Rouget, Papin et al. 2010), while in 
Arabidopsis, Athila-derived smRNAs directly target OLIGOURIDYLATE BINDING 
PROTEIN 1b (UBP1b) mRNA – a component of stress granules involved in responses to 
certain abiotic stresses (McCue, Nuthikattu et al. 2012). 
 
2.1.11. Trans-acting siRNAs and plant stress response 
Trans-acting siRNAs (ta-siRNAs) are a class of plant siRNAs produced by the 
interaction between miRNA and siRNA pathways. The generation of ta-siRNAs starts 
with transcription of miRNA precursors (pre-miRNA) by Pol II. These pre-miRNAs 
contain miRNA sequences within a stem of a long imperfect RNA hairpin which is 
processed by DCL1 in the nucleus resulting in an imperfect RNA duplex with the 2-
nucleotide 3΄ overhangs on each strand. Most miRNAs are found to target mainly 
protein-coding mRNAs through the PTGS pathway, however, some miRNAs guide the 
cleavage of non-protein-coding primary transcripts of trans-acting siRNA (TAS) genes 
directing the formation of truncated RNA (Krasnikova, Milyutina et al. 2009). The 
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resulting cleavage product of TAS RNAs becomes a substrate for RDR6/SGS3 which 
leads to the generation of double-stranded TAS RNAs. SGS3 might stabilize the cleaved 
RNAs from degradation, while RDR6 synthesizes the second strand (Allen and Howell 
2010). Subsequently, long double-stranded precursor ta-siRNAs (pre-ta-siRNAs) are 
cleaved by the cooperative action of DCL4 and DICER RNA binding factor4 (DRB4) at 
21-nt long increments relative to the original cleavage site on both strands – a process 
called ‘phasing’. Apparently, the generation of the uniform 21 nt-long siRNA occurs due 
to a precise slicing activity of DCL4 starting at the miRNA cleavage site. The exact 
sequence of miRNA-guided cleavage sets the entry point for DCL4 and thus for the phase 
of ta-siRNA. ds-ta-siRNAs are methylated by HEN1, and the RDR6-template strand is 
then loaded into the RISC complex with one of the AGO proteins (Kovalchuk and 
Kovalchuk 2012). 
Most pre-ta-siRNAs have only a single miRNA target motif which is cleaved by 
miRNA-guided AGO1; however, there is a curious exception of these observations. For 
instance, mRNA transcribed from the TAS3 gene contains two binding sites for miR390 
within its sequence. One miR390 guides the AGO7-mediated cleavage of the 3΄ side of 
TAS3 RNA, whereas the second one interacts in a non-cleavage mode at a site near the 5΄ 
terminus and is important for the production of ds-pre-ta-siRNA (Montgomery, Howell et 
al. 2008, Krasnikova, Milyutina et al. 2009). Subsequently, ta-siRNAs act in trans to 
reduce the expression of unrelated loci from which they are produced (Hsieh, Lin et al. 
2009). 
Arabidopsis ta-siRNAs are derived from eight loci that fall into four families: 
TAS1, TAS2, TAS3 and TAS4. TAS1, TAS2, and TAS4 ta-siRNA biogenesis is initiated 
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with either the miR173- (TAS1 and TAS2) or miR828-guided (TAS4) cleavage at the 5΄ 
terminus of the ta-siRNA-generating region. TAS1/2 loci are transcribed by Pol II 
generating typical polyadenylated and capped transcripts. Enigmatically, TAS non-
protein-coding transcripts are recognized by the silencing machinery as aberrant 
transcripts and are targeted for degradation. The TAS1 family which consists of 
transcripts from three loci (TAS1a, TAS1b and TAS1c) codes for multiple ta-siRNAs with 
very similar sequences that are predicted to target the same mRNAs coding for unknown 
proteins. Whereas ta-siRNA – siR1511 produced from the TAS2 transcript targets PPR 
mRNAs, ta-siRNAs processed from the TAS3 transcript target the Auxin Response Factor 
family members ARF1, 2, 3 or 4 involved in the juvenile-to-adult transition in leaf 
development. Interestingly, miR828 which sets a cleavage point for TAS4 transcripts is 
specifically involved in the direct regulation of the MYB transcription factor MYB113. In 
turn, the negative regulation of MYB113 expression and related family members via 
miR828 can be further amplified by TAS4 originated ta-siRNAs (Allen and Howell 
2010). Since ta-siRNAs are mobile and can perform short-distance journeys across 
multiple cells, they can create a gradient of suppression activity in the proximate cells 
(Schwab, Maizel et al. 2009). 
Recently, ta-siRNAs have been discovered to be involved in adaptation to 
phosphate (Pi) deficiency and cold stress in Arabidopsis and thermosensitive genic male 
sterile (TGMS) lines of wheat (Triticum aestivum), respectively (Hsieh, Lin et al. 2009, 
Tang, Zhang et al. 2012).  Pi-deficient shoots of Arabidopsis accumulate TAS4-siR81(-) 
which is involved in the auto regulatory mechanism of PAP1/MYB75 and the 
biosynthesis of anthocyanin. In wheat, the TAS3-derived ta-siRNA-Auxin-Responsive 
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Factor (ARF) was significantly repressed at an early stage of spike development during 
cold stress that was correlated with the up-regulation of one of the ARF genes. Since in 
Arabidopsis, TAS3a ta-siRNAs have been shown to modulate ARF3 gene expression 
which regulates late stages of flower development in a number of plants, the authors 
suggested that during cold treatment, an abnormal decline of ta-siRNA-ARF levels 
contributes to male sterility in the TGMS line through the negative regulation of ARFs. 
Nevertheless, it still remains to be elucidated how the expression of this and other ta-
siRNAs is regulated during stress exposure. 
 
2.1.12. Micro RNAs and plant stress response 
Micro RNAs are typically 21 nt-long single-stranded RNAs which are generated 
by DCL1 from endogenous transcripts containing local hairpin structures. Compared to 
animals, the majority of miRNA genes in plants are located separately throughout the 
genome and are transcribed by Pol II into long pri-miRNAs that contain a 5΄ cap and a 3΄ 
poly (A) tail. Processing of pri-miRNAs is believed to take place shortly after a nascent 
transcript folds into the secondary hairpin-like structure that might involve some of the 
machineries responsible for capping, splicing and polyadenylation of protein-coding 
transcripts (Xie, Khanna et al. 2010). For instance, Arabidopsis mutants cbp80/abh1 and 
cbp20 of the cap-binding complex (CBC) accumulate elevated levels of pri-miRNAs 
concomitant with a decreased level of mature miRNAs (Kim, Yang et al. 2008, 
Laubinger, Sachsenberg et al. 2008). 
 The dsRNA arm of a hairpin loop is further recognized by DCL1, and in 
cooperation with the zinc finger-containing protein SERRATE (SE) and the dsRNA-
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binding protein HYPONASTIC LEAVES1 (HYL1), mature miRNA/miRNA* duplexes 
are excised from the stem of the hairpin with a two-nucleotide overhang on each strand 
(Vazquez 2006). Subsequently, the mature miRNA/miRNA* duplexes are stabilized by 
methylation at the 2΄-OH of the 3΄ ends by HEN1 and are possibly exported to the 
cytoplasm through HASTY. 
The last step of miRNA maturation involves a selective incorporation of the 
miRNA strand into the AGO1-containing miRNA-RISC complex. There are two known 
requirements for the miRNA-guided strand selection: (i) whichever strand is less stably 
paired at its 5΄ end is incorporated into RISC and (ii) having a 5΄-terminal uridine to be 
preferentially incorporated into AGO1 (Xie, Khanna et al. 2010). Subsequently, being a 
part of RISC, plant miRNAs target transcripts through the perfect (or near-perfect) 
pairing between miRNA and the mRNA transcript. Guided to the complementary 
transcript, AGO1 generates a single cut of the target mRNA phosphodiester backbone. 
Eventually, the truncated transcripts are either degraded by exonucleases or became a 
substrate for RDR enzymes (Kovalchuk and Kovalchuk 2012). 
An emerging body of evidence suggests that miRNAs significantly contribute to 
plant stress response. For instance, Arabidopsis mutants hen1 and dcl1 that are partially 
compromised in miRNA metabolism are less stress tolerant as compared to wild-type 
plants (Sunkar and Zhu 2004). Recent studies further support the contribution of miRNAs 
to stress response in plants.  
Photosynthesis results in the production of superoxide radicals which need to be 
scavenged as soon as they are generated to limit the production of more damaging 
hydroxyl radicals. Furthermore, a variety of environmental cues, such as drought, 
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salinity, high light, cold and heavy metals, lead to the elevated accumulation of reactive 
oxygen species (ROS). Therefore, plants have developed a highly sophisticated and fast-
acting antioxidant system which involves the miRNA-mediated regulation of ROS 
scavenging enzymes (Sunkar, Chinnusamy et al. 2007). The genes encoding CU-ZN 
SUPEROXIDE DISMUTASE1 and 2 enzymes (CSD1 and CSD2) which participate in 
detoxifying superoxide radicals are up-regulated in response to oxidative stress. 
Curiously, despite an increase in the amount of protein in response to stress, the nuclear 
run-on assay revealed that mRNA levels in these genes remain unchanged. Exposure to 
oxidative stress decreases miR398 transcription that normally guides the cleavage of 
cytosolic (CSD1) and plastidic (CSD2) gene mRNAs, resulting in the rapid accumulation 
of CSD1 and CSD2 transcripts allowing plants to cope with the burst in ROS production 
(Sunkar, Kapoor et al. 2006). 
Many miRNAs have been found to be regulated in response to UV, cold, drought 
and salt stress; nevertheless only a few smRNAs have been shown to influence the 
pathways in which they modulate resistance or acclimation (Sunkar, Chinnusamy et al. 
2007). For instance, miR399(a-f) and miR395 have been shown to modulate the activities 
of genes involved in phosphate and sulfate homeostasis, respectively. miR399(a-f) is 
induced in response to phosphate starvation and up-regulates a number of genes involved 
in phosphate metabolism in trans by targeting their suppressor – a ubiquitin-conjugating 
enzyme PHO2. The rates of sulfate translocation and accumulation during sulfur 
starvation are modulated by the miR395-mediated suppressing action on ATP 
sulfurylases (APS1, APS3, and APS4) and a low-affinity sulfate transporter (AST68).  
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2.1.13. Maintenance of the stress-induced epigenetic landscape and 
transgenerational epigenetic inheritance 
Epigenetic components that modulate the transcriptome profile upon stress 
exposure can be both permanent and/or reversible in their nature. However, by definition, 
the subjects of epigenetic research are only chromatin alterations that are stable and 
faithfully inherited throughout mitosis and sometimes also meiosis.  
Being flexible in its origin, epigenetic regulation of gene expression across 
generations is an attractive mechanism for mediating transgenerational plant response to 
stress, as compared to genetic changes such as point mutations, deletions, insertions and 
gross chromosomal rearrangements (Boyko and Kovalchuk 2011). Increasing evidence 
indicates that the propagation of the stress-induced epigenetic landscape to the next 
sexual generation, named “transgenerational epigenetic inheritance”, is a cross-kingdom 
phenomenon of plant adaptation and acclimation to unfavorable environmental cues 
(Koturbash, Baker et al. 2006, Molinier, Ries et al. 2006, Pembrey, Bygren et al. 2006). 
Examples of this phenomenon include: an enhanced tolerance to NaCl and to a DNA-
methylating agent - methyl methane sulfonate (MMS) in the offspring of Arabidopsis 
salt-stressed plants (Boyko, Blevins et al. 2010, Rahavi, Migicovsky et al. 2011); an 
elevated tolerance to heavy metals in the progeny of heavy metal-treated Arabidopsis and 
Oryza sativa plants (Rahavi, Migicovsky et al. 2011, Ou, Zhang et al. 2012); an increase 
in tolerance to several stressors in timberline plants as a result of adaptation to UV-B 
radiation (Turunen and Latola 2005); an elevated tolerance to chilling or freezing stresses 
in the progeny of cold-treated Arabidopsis plants (Blodner, Goebel et al. 2007); and the 
natural transgenerational adaptive plasticity to the maternal light environment in the 
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monocarpic herb Campanulastrum americanum (Galloway and Etterson 2007). 
Transgenerational stress adaptation is not only limited to abiotic stressors. Previously, we 
have shown that the offspring of Nicotiana tabacum plants challenged with Tobacco 
mosaic virus (TMV) developed a higher resistance not only against the same pathogen 
but also against Pseudomonas syringae and Phytophthora nicotianae. Furthermore, most 
of the ascribed transgenerational effects were accompanied by alterations in DNA 
methylation, posttranslational histone modifications and an increased frequency of 
homologous recombination events (Boyko, Blevins et al. 2010, Kathiria, Sidler et al. 
2010, Bilichak, Ilnystkyy et al. 2012). Unfortunately, a mechanistic link between the 
acquired transgenerational stress tolerance and molecular/epigenetic factors that lead to 
this intriguing phenomenon has not been established yet. 
It can be envisaged that systemic epigenetic signaling plays an important role in 
the transgenerational inheritance in plants since plants do not set aside a pre-determined 
germline linage in early development as animals do. Instead, angiosperms possess an 
undifferentiated state of spore mother cells (SMCs) developed from a sub-epidermal cell 
only late during ontogenesis (Dickinson and Grant-Downton 2009, Drews and Koltunow 
2011).  In Arabidopsis, the archespore, which is the first cell of the reproductive lineage, 
differentiates directly into the megaspore mother cell (MMC). Through meiosis, MMC 
gives rise to a tetrad of haploid megaspores, one of which survives (a functional 
megaspore), while the others degenerate. The functional megaspore develops into the 
haploid embryo sac (the female gametophyte) through three rounds of mitosis followed 
by cellularization. The complete embryo sac includes two gametes (the haploid egg cell 
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and the homo-diploid central cell), two synergids, and three antipodals (Schmidt, Wuest 
et al. 2011).  
The development of the paternal germline begins from a pollen mother cell 
(PMC) that undergoes meiosis in the anthers, resulting in four haploid microspores. Each 
microspore gives rise to a larger vegetative cell and a smaller generative cell through an 
asymmetric division. The generative cell, which represents the male germline, undergoes 
a further symmetric partition to produce two identical sperm cells surrounded by 
vegetative cells (Calarco, Borges et al. 2012).  
Most of the studies demonstrating the stress-induced transgenerational epigenetic 
inheritance in Arabidopsis were performed at the principal growth stage 1 (Boyes, Zayed 
et al. 2001) before inflorescence emergence and germline differentiation (Molinier, Ries 
et al. 2006, Pecinka, Rosa et al. 2009, Boyko, Blevins et al. 2010, Bilichak, Ilnystkyy et 
al. 2012). Therefore, the epigenetic memory engraved in chromatin of somatic cells upon 
stress exposure has to be systemically transmitted throughout a number of mitotic 
divisions to gametophyte initials and later survive meiosis and fertilization for being 
propagated into the next generation.  
To date, there is no solid evidence confirming that epigenetic marks are reset at 
the gametophyte stage in plants, unlike in mammals where DNA undergoes several 
rounds of methylation and demethylation during germ cell proliferation and post-
fertilization (Feng, Jacobsen et al. 2010). Moreover, recent advances in elucidating the 
molecular mechanisms underlying the formation of the epigenetic landscape in gametes 
revealed that both the sperm cell and the egg cell in angiosperms maintain a quiescent 
state concomitant with the enrichment of repressive chromatin marks at the euchromatin 
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regions (H3K9me2, H3K27me3 and DNA hypermethylation) (Calarco, Borges et al. 
2012). Subsequently, the quiescence in both gametes with the respective chromatin marks 
is propagated into a zygote followed by the occurrence of the silent chromatin state in the 
embryo (Baroux, Raissig et al. 2011). In stark contrast, the global TE activation occurs in 
non-germline reproductive cells, such as a vegetative nucleus in pollen and a central cell 
in the embryo sac, that do not contribute genetic material to the progeny but generate 
smRNAs that are thought to reinforce silencing of transposable elements and imprinted 
genes in germ cells and the embryo (Baroux, Raissig et al. 2011). These observations 
lead us to the question: why do gamete nuclei require VN-derived smRNAs for the 
suppression of the already silenced TEs? We can speculate that either gametes do not 
possess the complete silencing machinery to suppress undesired transposition events as 
compared to somatic cells or smRNAs contribute to the adjustment of epigenetic 
landscapes later after fertilization occurs. 
 In a recent study using bisulfite sequencing of genomic DNA from Arabidopsis 
microspores and from their derivative sperm and vegetative cells, it was demonstrated 
that symmetric CpG and CpHpG methylation was largely retained in Arabidopsis sperm 
cells, whereas CpHpH methylation was vanished from at least 1,500 TEs. This was 
concomitant with the down-regulation of the RdDM methyltransferase DRM2 in sperm 
cells that is required for de novo CpHpH methylation guided by 24 nt-long smRNAs (Cao 
and Jacobsen 2002, Calarco, Borges et al. 2012). Nevertheless, it has been shown that 
stripping off CpHpH methylation still does not activate transposons in sperm cells 
(Slotkin, Vaughn et al. 2009), albeit homozygous mutants that are compromised in the 
RdDM pathway (nrpd1, nrpd2 and rdr2) demonstrate the transgenerational mobility of 
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retrotransposons when plants are exposed to elevated temperature (Ito, Gaubert et al. 
2011). This brings us to the conclusion that smRNAs derived from the transcriptionally 
active VN do not strictly suppress transposon activities in the sperm cells but rather 
modulate DNA methylation at the stage that follows periconception. Since there are no 
data confirming epigenetic memory resetting in the sperm and egg cells in plants, this 
hypothesis can possibly explain the mystery of drastic fluctuations in global DNA 
methylation observed immediately after stress as compared to that in the progeny of 
stressed plants.  
 Global DNA demethylation followed by transcription activation is the most 
common immediate plant stress response. In stark contrast, 10-12% global 
hypermethylation was observed in the untreated offspring of salt-stressed plants 
concomitant with the enrichment of repressive chromatin marks and transcription down-
regulation (Boyko, Blevins et al. 2010, Bilichak, Ilnystkyy et al. 2012). We can 
hypothesize that such drastic fluctuations in the global DNA methylation profile is the 
consequence of a stress-induced increase in accumulation of smRNAs in the parental 
plants that eventually directs RdDM after periconception. Indeed, in a recent study, we 
demonstrated that the establishment of the transgenerational memory requires the 
functional siRNA biogenesis pathway because both dcl2 and dcl3 Arabidopsis mutants 
failed to maintain stress-induced epigenetic inheritance (Boyko, Blevins et al. 2010). 
Involvement of the smRNAs and RdDM pathway in the transgenerational epigenetic 
memory is further supported by changes in the distribution of DNA methylation in gene 
bodies and exon/intron regions in the progeny of salt-stressed Arabidopsis plants as 
compared to that in the unexposed progeny (Boyko, Blevins et al. 2010, Bilichak, 
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Ilnystkyy et al. 2012). DNA hypermethylation was further reinforced with the 
accumulation of the transcriptionally repressive histone modification mark H3K9me2 and 
the depletion of the permissive mark – H3K9ac. The highest level of correlation between 
repressive chromatin marks and mRNA levels was observed in the MSH6 gene (r=-0.95 
on average) that encodes a mismatch repair protein. MSH6, together with MSH2, are 
involved in the initial recognition of DNA errors, therefore the reduced expression of 
mismatch repair genes followed by lower levels of mismatch repair activities may result 
in a higher frequency of point mutations and, possibly, other genomic rearrangements in 
the progeny of stressed plants (Bilichak, Ilnystkyy et al. 2012). Indeed, we have 
previously documented an increase in the number of homologous recombination events 
as well as in the frequency of point mutations and microsatellite instability in the progeny 
of plants exposed to various stresses (Kathiria, Sidler et al. 2010, Yao and Kovalchuk 
2011). These observations led us to hypothesize that plants may utilize epigenetic 
pathways to trigger locus-specific genome rearrangements, thereby forcing a rapid 
evolution of targeted sequences and associated phenotypes (Boyko and Kovalchuk 2011). 
Consistent with this hypothesis, previously (Meyers, Kaushik et al. 2005) it was 
suggested that the evolution of plant R-genes involved gene duplication and 
recombination events. 
Overall, a rapid transgenerational adaptability of plants to new growth conditions 
cannot be explained by the stochastic heritable variability as it is generally suggested by 
Darwin’s theory of evolution (Boyko and Kovalchuk 2011). The disproof of the random 
nature of genome variability in living organisms is manifested in multiple examples of 
prokaryotic systems as well as the existence of hypervariable loci in humans (Bjedov, 
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Tenaillon et al. 2003, Nolin, Brown et al. 2003, Foster 2007). In plants, studies by DeBolt 
confirmed that biotic and abiotic stresses could trigger gene copy number variations 
(CNV) in a non-stochastic way (DeBolt 2010). CNV initiation sites were most frequently 
found within stress response genes and transposable elements in the offspring exposed to 
the same stress over multiple generations, thereby supporting the non-random occurrence 
of rearrangements. The future analysis of the epigenome and genome profiles in the 
progeny of plants subsequently stressed over multiple generations will possibly reveal the 
contribution of epigenetic components to the microevolution in plants. 
 
2.2. Manipulation of epigenetic factors and DNA repair machinery for 
transformation improvement of plants 
Plant genetic engineering has emerged as a vital tool in contemporary 
biotechnology. The ability to introduce a foreign gene into the plant genome resulted in 
the development of a number of transgenic crops with beneficial traits (Kishore, Ahmad 
et al. 2008, Collinge, Jorgensen et al. 2010). Nevertheless, the improvement of 
economically important crops necessitates stable and predictable transgene expression 
which is usually hard to achieve in the field conditions and requires a tremendous 
investment of labour and time to select for the desired transgenic line (Curtin, Voytas et 
al. 2012). This is, mainly, due to three major challenges that are still to be addressed in 
plant biotechnology: (i) many important crops species remain recalcitrant to tissue culture 
regeneration; (ii) the transformation frequency – the number of transgenic plants 
(transgenics) generated in a single transformation round – is low; (iii) the low frequency 
of integration of the transgene into the desired position of the host genome to obtain 
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plants with predictable transgene expression (Barampuram and Zhang 2011, Husaini, 
Rashid et al. 2011). Although a tissue culture step is of great importance for plant 
transgenesis, herein we will focus on the latter two challenges. 
Over the last decade, numerous methods of transgene delivery and targeted 
genome editing have been developed for plants (Rivera, Gomez-Lim et al. 2012). Overall 
the techniques of foreign DNA delivery fall into two major groups: indirect and direct 
DNA delivery. Whereas in the former approach, DNA is introduced into the host cell by 
means of bacterium-mediated transformation (e.g., Agrobacterium tumefaciens and 
Agrobacterium rhizogenes), in the latter one, bacterium cells are not used as mediators of 
plant transformation (Tzfira and Citovsky 2006, Barampuram and Zhang 2011). The 
most widely used indirect transformation methods include: biolistic, electroporation, 
ultrasound, silicon carbide fibers, microinjection, macroinjection, laser microbeams, and 
electrophoresis (Rivera, Gomez-Lim et al. 2012). 
Although a great number of DNA delivery methods have been developed, the 
Agrobacterium-mediated plant transformation method still remains the primary tool for 
stable transformation of many dicotyledonous (dicot) and some monocotyledonous 
(monocot) crops (Hiei, Ohta et al. 1994, Leelavathi, Sunnichan et al. 2004, Hu, Chen et 
al. 2005). In fact, the inability to achieve high frequencies of transformation events 
mediated by Agrobacterium in monocots and recalcitrant plant species has prompted the 
development of specific direct DNA transfer methods (Barampuram and Zhang 2011, 
Rivera, Gomez-Lim et al. 2012). Nevertheless, advances in understanding of plant-
microbe interactions, tissue culture, regeneration techniques, the development of new 
binary vectors and Agrobacterium strains have resulted in the adaptation of 
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Agrobacteium-mediated transformation techniques for recalcitrant monocots, such as rice 
(Oryza sativa L.) (Shah and Veluthambi 2010), maize (Zea mays L.) (Ishida, Saito et al. 
1996, Ishida, Hiei et al. 2007), wheat (Triticum aestivum L.) (Cheng, Fry et al. 1997), 
barley (Tingay, McElroy et al. 1997), and other plants (Sood, Bhattacharya et al. 2011). 
Agrobacterium tumefaciens belongs to the genus Agrobacterium that includes 
mostly saprophytic soilborne bacterial species which inhabit the rhizosphere (Escobar 
and Dandekar 2003, Păcurar, Thordal-Christensen et al. 2011). Agrobacterium has a 
natural ability to transfer a portion of its tumor-inducing (Ti) plasmid, termed transferred-
DNA (T-DNA), and integrate it into the host genome leading to formation of a crown gall 
tumor.  
The Agrobacterium-mediated plant transformation method has a number of 
advantages over other transformation techniques which include the ability to transfer 
large intact segments of DNA into the plant cell, predominantly simple transgene 
insertions and a low copy number of integration events (Barampuram and Zhang 2011). 
At the same time, there are still many economically important crop species and trees that 
are recalcitrant to Agrobacterium-mediated transformation (Păcurar, Thordal-Christensen 
et al. 2011).  
Both transient and stable transformation processes are the outcome of the 
interaction between Agrobacterium and its hosts. Hence, two main approaches were 
undertaken to elevate the transformation efficiency in already transformable species and 
to increase a number of hosts for Agrobacterium-mediated transformation: (i) to identify 
or engineer highly virulent strains of Agrobacterium and (ii) to manipulate host factors 
involved in transformation either through the optimization of tissue culture conditions or 
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by directly affecting gene expression in the plant cell (Păcurar, Thordal-Christensen et al. 
2011). The implementation of the first strategy has resulted in the development of highly 
virulent strains with a wide range of hosts including both dicots and monocots (e.g., 
hypervirulent strains carrying the Ti plasmid pTiBo542 and its derivatives) (Hood, Fraley 
et al. 1987, Komari 1989, Cheng, Lowe et al. 2004, Jones, Doherty et al. 2005). 
Nonetheless, enhancing Agrobacterium strains by supplying them with additional copies 
of vir genes has been suggested to reach its limit (Gelvin 2003, Păcurar, Thordal-
Christensen et al. 2011). Alternative approaches involving the manipulation of host 
factors that participate in Agrobacterium-mediated plant transformation constitute a 
promising direction to explore.  
The first attempt to identify plant genes involved in Agrobacterium-mediated 
plant transformation was done more than a decade ago, and utilized forward genetic 
screening among 3,000 Arabidopsis thaliana (Arabidopsis) T-DNA insertion mutants to 
reveal plants recalcitrant to Agrobacterium infection (Nam, Mysore et al. 1999). This 
study was followed by a larger-scale investigation which involved approximately 16,500 
Arabidopsis mutants (Zhu, Nam et al. 2003). Overall, by using a combination of stable 
and transient root-based transformation assays, the authors identified more than 120 
genes encoding proteins which were required to promote transformation (Gelvin 2009). It 
did not come as a surprise that products of most of identified genes were involved in key 
steps of Agrobacterium infection, i.e., bacterial attachment (an arabinogalactan protein), 
cytoplasmic trafficking of the T-DNA complex (actin-2 and actin-7), nuclear targeting 
(importin-α7 and importin-β3) and T-DNA integration/chromatin remodelling (histones 
H2A, H2B, H3, and H4) (Zhu, Nam et al. 2003). At the same time, the authors pointed 
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out that the screen was not saturating, suggesting that the potential for the discovery of 
new genes involved in Agrobacterium-mediated plant transformation is not exhausted. 
Indeed, the involvement of additional chromatin-related genes (24 genes in total) was 
revealed by using Arabidopsis mutants that carried RNA interference (RNAi) constructs 
(Crane and Gelvin 2007). Hence, it became apparent that the Agrobacterium T-DNA 
tightly interacts with host chromatin factors, albeit it has yet to be deciphered how 
particular chromatin proteins affect Agrobacterium-mediated transformation at the 
molecular level.  
 
2.2.1. Plant epigenetic factors involved in Agrobacterium-mediated stable 
transformation 
After the T-DNA enters the nucleus, chromatin proteins may mediate its 
integration into the genome. For example, histones (H2A, H2B, H3 and H4) can interact 
with the VirE2-interacting protein (VIP1), a protein which may associate with the T-
DNA in the cytoplasm and help target it and attached vir proteins (the ‘‘T-complex’’) to 
the nucleus (Magori and Citovsky 2011). In addition, it was suggested that prior to 
integration into the genome, the T-DNA has to interact with host chromatin factors in 
order to promote local and transient chromatin decondensation required for an efficient 
integration to occur (Lacroix and Citovsky 2009). Studies on mutants that are resistant to 
Agrobacterium-mediated transformation (rat mutants) revealed a major contribution of 
histones to the T-DNA integration process (Crane and Gelvin 2007). For instance, H2A-
1, an Arabidopsis mutant deficient in one of the replacement histones, demonstrates the 
rat phenotype, however, it is susceptible to transient transformation (Nam, Mysore et al. 
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1999, Mysore, Nam et al. 2000). Consistently, supplementing Arabidopsis and rice wild-
type plants with an additional copy of the HTA1 gene which encodes histone H2A-1 
resulted in a 100% increase in the frequency of Agrobacterium-mediated stable 
transformation events in Arabidopsis and a 44% increase in rice (Table 2.3) (Mysore, 
Nam et al. 2000, Zheng, He et al. 2009). Moreover, another study showed that an 
individual overexpression of seven different HTA genes, one HTR and one HFO genes 
which code for H2A, H3 and H4 proteins, respectively, resulted in more than a twofold  
increase in the transformation of Arabidopsis root segments (Tenea, Spantzel et al. 2009). 
Curiously, in all cases examined, an increase in the frequency of stable transformation 
was paralleled by a higher level of transient Agrobacterium-mediated transformation, a 
process that involves T-DNA transfer to the nucleus but does not require T-DNA 
integration. The authors suggested that particular histones were able to increase transgene 
expression by protecting an incoming transgenic DNA from nucleolytic degradation and 
in this way, enhance the frequency of stable transformation events (Tenea, Spantzel et al. 
2009). 
In addition to histones, the histone-modifying enzymes and histone chaperons 
were also implicated in the Agrobacterium-mediated plant transformation process. The 
knockdown of both histone acetyltransferases (HAF1 and HAG3) and histone 
deacetylases (HST4, HDA2 and HDA3) attenuated the susceptibility to Agrobacterium-
mediated root transformation in Arabidopsis (Crane and Gelvin 2007). The exact role of 
the histone acetylation balance and the effects of overexpression of histone-modifying 
enzymes on stable plant transformation have yet to be shown.  
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At the same time, the contribution of particular histone chaperons to the 
transformation process seems to be relatively obvious. Arabidopsis mutants impaired in 
the chromatin assembly factor 1 (CAF-1) complex were found to be highly susceptible to 
Agrobacterium-mediated stable transformation (Table 2.3) (Endo, Ishikawa et al. 2006). 
CAF1 is an evolutionary conserved complex that is involved in the deposition of H3/H4 
histones onto the replicating DNA and nucleosome assembly after nucleotide excision 
repair. A loss of the functional CAF1 complex leads to an increase in the level of DNA 
double-strand breaks (DSBs), an upregulation of several DSB repair proteins involved in 
homologous recombination (HR) but not in non-homologous end joining (NHEJ), and an 
overall enhancement of HR frequency (Kirik, Pecinka et al. 2006, Schonrock, Exner et al. 
2006). The cumulative contribution of the aforementioned factors along with a relatively 
loose chromatin structure resulted in a twofold increase in the T-DNA integration 
frequency observed in mutants (Endo, Ishikawa et al. 2006, Magori and Citovsky 2011). 
Hence, an alternative approach to elevate transformation frequency may be a transient 
down-regulation of genes that encode CAF1 subunits. 
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Table 2.3. Epigenetic-related genes which affect plant transformation 
Gene Gene function 
Modulation of 
gene expression 
Effects on plant 
transformation 
Reference 
HTA1 
Histone H2A-1 
involved in 
nucleosome assembly 
Overexpression 
A 2-fold increase 
in the frequency 
of Agrobacterium-
mediated stable 
transformation of 
Arabidopsis 
(Mysore, Nam 
et al. 2000) 
HTA1 
Histone H2A-1 
involved in 
nucleosome assembly 
Overexpression 
Up to a 44% and 
50% increase in 
Agrobacterium-
mediated stable 
transformation 
and the frequency 
of GT events in 
rice, respectively 
(Zheng, He et 
al. 2009) 
HTA, HTR and 
HFO 
Core histone proteins 
H2A, H3-11, and H4 
involved in 
nucleosome assembly 
Overexpression 
A 2-fold increase 
in the 
transformation 
frequency of 
Arabidopsis root 
segments 
(Tenea, 
Spantzel et al. 
2009) 
CAF-1 
Histone chaperon, 
involved in 
nucleosome assembly 
Knockout 
A 2-fold increase 
in the T-DNA 
integration 
frequency 
(Endo, Ishikawa 
et al. 2006) 
RDR6 
Biogenesis of siRNAs 
derived from 
posttranscriptionally-
silenced transgenes 
Down-regulation 
(RNAi) 
An ~1.5-fold 
increase in the 
stable 
transformation 
frequency 
(Dunoyer, 
Himber et al. 
2006) 
DRM1, DRM2, 
CMT3 
The triple 
Mutant that is strongly 
deficient in CpHpG 
and CpHpH 
methylation 
Knockout 
An ~2-fold 
increase in the 
growth of crown 
gall in 
Agrobacterium-
infected plants 
(Gohlke, Scholz 
et al. 2013) 
AGO4 
RNA-dependent DNA 
methylation processes 
Knockout 
An ~2-fold 
increase in the 
growth of crown 
gall in 
Agrobacterium-
infected plants 
(Gohlke, Scholz 
et al. 2013) 
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2.2.2. A crosstalk between antiviral defence and Agrobacterium-mediated 
plant transformation 
Previously, it has been suggested that the entire mechanism of genetic 
transformation facilitated by Agrobacterium resembles the retrovirus-mediated gene 
transfer (Magori and Citovsky 2011). As such, T-DNA invasion of the plant cell should 
trigger a similar plant defence response as seen upon viral infection (Zvereva and 
Pooggin 2012). RNA interference (RNAi) through small non-coding RNAs, such as 
small interfering RNAs (siRNAs, 21-24 nt-long), is believed to be a major antiviral 
defense system of plants (Ding and Voinnet 2007). 21 nt-long small RNAs were detected 
to be expressed from the Agrobacterium tryptophan 2-monooxygenase (iaaM) oncogene 
and the agropine synthase (ags) gene transcripts, in the infected tobacco plants at three 
days post infection, suggesting that Agrobacterium-mediated transformation can be 
inhibited by the host-mounted posttranscriptional gene silencing (PTGS) pathway 
(Dunoyer, Himber et al. 2006). Furthermore, an Arabidopsis mutant impaired in the 
RNA-dependent RNA-polymerase 6 (RDR6), which is required for biogenesis of siRNAs 
derived from posttranscriptionally-silenced transgenes, is more susceptible to 
Agrobacterium-mediated transformation as compared to wild-type plants. At the same 
time, mutants deficient in micro RNA biogenesis (dicer-like1 and methyltransferase 
hen1) are recalcitrant to stable transformation, suggesting that micro RNAs are vital 
either for host cell proliferation during tumorigenesis or the initial stages of the 
interaction between the plant cell and the Agrobacterium cell or for both (Dunoyer, 
Himber et al. 2006). 
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In order to circumvent the host-mounted silencing defense, viruses developed 
suppressor proteins which act at different steps of the silencing pathway (Zvereva and 
Pooggin 2012). Although, an analogous suppressor of RNA silencing was previously 
revealed in a plant bacterial pathogen – Pseudomonas syringae (Navarro, Jay et al. 2008), 
none of the Agrobacterium effector proteins has been ascribed a similar role yet. Hence, 
by supplementing either the Agrobacterium or a host with a viral/bacterial suppressor of 
gene silencing, the transformation rate may be conceivably enhanced. Indeed, the 
overexpression of the Turnip crinkle virus P38 protein, which specifically inhibits the 
production of siRNAs from inverted repeats or sense transgenes in Arabidopsis plants, 
enhances the plant’s susceptibility to a virulent Agrobacterium strain by twofold 
(Dunoyer, Himber et al. 2006). Moreover, the P19 suppressor of gene silencing from 
tombusviruses when it is overexpressed in tobacco cells enhances Agrobacterium-
mediated transient transformation by 50-fold (Voinnet, Rivas et al. 2003). A similar 
implementation of gene silencing suppressors to counteract the host RNAi defence 
pathway during the genetic transformation of monocot and other species recalcitrant to 
Agrobacterium transformation possesses an additional promising approach to explore. 
The epigenetic defence mechanism against the invading T-DNA is not limited to 
the RNAi pathway. Recently, DNA methylation has been shown to inhibit tumor growth 
in plants inoculated with the virulent Agrobacterium strain (Gohlke, Scholz et al. 2013). 
Consistently, the ddc triple mutant that is strongly deficient in CpHpG and CpHpH 
methylation displayed significantly enhanced growth of crown gall. Similarly, the 
argonaut 4 (ago4) mutant impaired in the RNA-dependent DNA methylation pathway 
demonstrated a ~2-fold increase in crown gall growth that suggests an active contribution 
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of the transcriptional gene silencing pathway to host-mounted epigenetic defence against 
Agrobacterium transformation. This is in accord with the previous report where the 
pretreatment of tobacco leaf disks with the demethylating agent azacytidine enhanced 
transient transformation by 4- to 6-fold as compared to untreated controls (Palmgren, 
Mattson et al. 1993). Curiously, exposure of Agrobacterium cells to the same chemical 
prior to transformation resulted in a similar increase in the transient transformation rate, 
suggesting that azacytidine may activate the expression of vir genes through a passive 
demethylation process (occurring during the replication of Agrobacteria) in a bacterium 
cell before entering the plant cell (Palmgren, Mattson et al. 1993). 
Overall, the involvement of epigenetic factors in Agrobacterium-mediated 
transformation is becoming quite obvious. A number of parallels can be drawn between 
the Agrobacterium- and virus-mediated transfer of nucleic acids to the plant cell 
(Dunoyer, Himber et al. 2006). The implementation of the knowledge obtained from the 
studies on the antiviral epigenetic defence mounted by hosts may possibly improve the 
efficiency of plant transgenesis. 
 
2.2.3. The manipulation of the DNA repair machinery to elevate 
transformation rates 
Upon its delivery to the chromatin labile region, T-DNA has to find a DNA 
molecule with a double-strand break (DSB) undergoing an active repair process in order 
to be covalently attached to the host gDNA. A recent line of evidence suggests that the 
efficiency of stable plant transformation can be significantly elevated by manipulating the 
DNA repair mechanism. 
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Although the mechanism of T-DNA incorporation into the plant genome still 
remains obscure (Gelvin 2010), it has been suggested that prior to integration, the single-
stranded T-DNA is converted by host polymerases into double-stranded (ds) DNA 
intermediate (Chilton and Que 2003, Tzfira, Frankman et al. 2003). Subsequently, the 
DNA DSB repair machinery recognizes ds T-DNA molecules as genomic DSBs and 
mediates their integration through the DNA repair mechanism (Li, Vaidya et al. 2005). 
Hence, logically it can be assumed that an artificial elevation of the number of DSBs in 
the host genome should result in a higher frequency of T-DNA integration events. 
Indeed, the expression of the DNA endonucleases I-SceI and I-CeuI has been shown to 
increase the rate of T-DNA integration (Chilton and Que 2003, Tzfira, Frankman et al. 
2003). Moreover, exposure of plant protoplasts to DNA damaging agents, such as the 
treatment with specific drugs (e.g., 3-aminobenzamide, mytomycin C and bleomycin) and 
various doses of X-ray and UV irradiation, resulted in up to a tenfold increase in the 
transformation rate using a direct DNA delivery system as compared to controls 
(Benediktsson, Spampinato et al. 1995). At the same time, a combination of both 
radiomimetic drug bleomycin and X-ray irradiation did not lead to a cumulative increase 
in the transformation rate of protoplasts and was comparable to that after treatment with 
either of the genotoxic agents (less than 3% of the relative transformation frequency) 
(Benediktsson, Spampinato et al. 1995). This suggests the existence of a DNA DSB 
saturation level which limits a further increase of the plant transformation rate. 
Nevertheless, the implementation of such an approach to improve plant transformation 
has a major drawback: DNA DSBs have a negative effect on genome stability and cell 
viability that affects the final yield and quality of transgenic plants. 
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2.2.4. Non-homologous end joining DNA repair and plant transformation 
It is currently believed that Agrobacterium vir proteins that participate in the T-
DNA delivery do not hold any DNA-repair activity and therefore, T-DNA integration is 
most likely mediated by host enzymes (Li, Vaidya et al. 2005). Hence, the modulation of 
the DNA DSB repair pathway by altering the quantity of host proteins required for an 
efficient repair process and their accessibility to DNA may present alternative approaches 
for increasing the frequency of T-DNA integration events.  
In eukaryotes, DNA DSBs are repaired by two major pathways: the homologous 
recombination (HR) pathway which is active preferentially in the S and G2 phases and 
the non-homologous end joining (NHEJ) pathway which is active throughout the cell 
cycle (Mladenov and Iliakis 2011). Whereas the HR pathway utilizes long stretches of 
homologous DNA molecules to facilitate a precise repair of a lesion, the NHEJ pathway 
simply re-joins the DNA ends that were previously processed, thus altering the DNA 
sequence. Both pathways have been shown to participate in T-DNA integration in 
eukaryotic organisms, even though the integration of the transgene through the HR 
mechanism is preferred for the enhancement of plant transgenesis.  
Although yeast is not a natural host for the Agrobacterium pathogen, it proved to 
be a vital model for providing evidence that the HR and NHEJ pathways can substitute 
each other in the T-DNA integration process. For instance, a loss of function mutation of 
either Rad52 or Ku70 genes resulted in a preferential integration of T-DNA through 
either the NHEJ pathway (van Attikum and Hooykaas 2003) or the HR pathway (van 
Attikum, Bundock et al. 2001), respectively. Furthermore, a significant shift from 
insertion-based integration (NHEJ) toward replacement events (HR) was observed in 
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rad50, mre11 and xrs2 mutants. At the same time, the rad52 ku70 double mutant was 
recalcitrant to Agrobacterium-mediated stable transformation, suggesting that the 
presence of either of the proteins is absolutely required for genomic integration of the T-
DNA in yeast (van Attikum and Hooykaas 2003). 
The evidence for the involvement of DSB repair proteins in the T-DNA 
integration process was further provided in studies on Arabidopsis plants. Unlike in yeast, 
DNA DSBs in plants are predominantly repaired through the NHEJ rather than HR 
pathway (Ray and Langer 2002, Britt and May 2003). This led to the conclusion that the 
T-DNA is most likely integrated into the plant genome through NHEJ (Magori and 
Citovsky 2011). In plants, the canonical NHEJ (C-NHEJ) pathway is maintained through 
the activity of the four core proteins: the Ku70-Ku80 heterodimer, X-Ray Cross 
Complementation Protein 4 (XRCC4) and DNA ligase IV (Charbonnel, Gallego et al. 
2010). The involvement of all four proteins in the process of Agrobacterium-mediated 
stable transformation has been studied in plants (Table 2.4), albeit the results for some of 
them are still controversial.  
In contrast to yeast, a recent report demonstrated that mutations of the 
Arabidopsis KU70 or KU80 homologs did not result in an increase in T-DNA integration 
through the HR pathway but instead led to almost a fivefold decline in the relative 
transformation frequency utilizing the NHEJ pathway as compared to wild-type plants 
(Jia, Bundock et al. 2012). A similar two- to three-fold and 13-fold decrease in the stable 
transformation rate of the ku80 Arabidopsis mutant was observed in the previous studies 
using the floral dip and root-based tumor-formation assays, respectively (Friesner and 
Britt 2003, Li, Vaidya et al. 2005). These data were further confirmed in Oryza sativa 
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(rice) plants where RNAi lines harbouring knock-down constructs against either KU70 or 
KU80 rice homologs demonstrated in average a 45% decrease in stable callus 
transformation (Nishizawa-Yokoi, Nonaka et al. 2012). At the same time, using a floral-
dip method, no decrease in stable transformation was reported for the ku80 Arabidopsis 
mutant in another study (Gallego, Bleuyard et al. 2003). The latter contradiction may 
simply have arisen from a different selection marker and experimental conditions used in 
the study as well as from the fact that the lower number of biological repeats was used.  
The interaction of the Ku80 protein with the T-DNA was further revealed in 
additional experiments demonstrating that the T-DNA could be immunoprecipitated from 
transgenic Arabidopsis cells overexpressing the His-tagged Ku80 protein. Finally, 
supplementing Arabidopsis wild-type plants with an additional copy of the KU80 gene 
resulted in a twofold increase in the stable transformation rate as compared to controls 
(Li, Vaidya et al. 2005). Since Ku80 acts as a heterodimer with the Ku70 protein, the 
simultaneous overexpression of both genes may conceivably have even a more 
pronounced effect on the frequency of stable transformation. Nevertheless, if this 
approach is utilized, the DNA DSB repair would predominantly occur through the NHEJ 
pathway and most probably may result in the poor quality of integration of the T-DNA 
into the host gDNA. 
Curiously, a recent report revealed a protein involved in NHEJ repair that acts as 
an inhibitor of the stable T-DNA integration. Arabidopsis RNAi lines harbouring a 
knockdown construct against the XRCC4 gene demonstrated a 50% increase in the stable 
transformation frequency as assessed using a root-based tumor-formation assay 
(Vaghchhipawala, Vasudevan et al. 2012). The XRCC4 protein plays a vital role in the 
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juxtaposition of the processed DSB ends and the stimulation of the ligase IV activity 
(Grawunder, Wilm et al. 1997). The authors proposed a model in which an efficient 
NHEJ pathway limits the availability of DSBs that occur spontaneously for T-DNA 
integration. Hence, decreasing the XRCC4 protein level may delay DSB repair through 
the NHEJ pathway, thus allowing the T-DNA to be successfully integrated into the gap. 
Moreover, the authors demonstrated an interaction of the Agrobacterium virE2 protein 
with XRCC4 and provided additional evidence which suggests that virE2 may 
titrate/exclude an active XRCC4 protein available for DSB repair and in this way, delay 
normal kinetics of DSB repair. This in turn allows more opportunity for the T-DNA to 
integrate into the host genome (Vaghchhipawala, Vasudevan et al. 2012). However, the 
delay in NHEJ repair does not exclude the possibility that plants may utilize an 
alternative HR repair pathway to fix DNA DSB. For instance, it has been shown that 
down-regulation of XRCC4 in human somatic cells results in a decline of random 
integration events by 70% and a 33-fold increase in the number of gene targeting (GT) 
events using the homologous recombination-like mechanism (Bertolini, Bertolini et al. 
2009). If such compensatory mechanism is also operational in plants, a transient down-
regulation of the XRCC4 gene by means of the RNAi system would provide a valuable 
technique to increase the frequency of GT-events in plant species.  
The requirement of the DNA ligase IV, which acts downstream of XRCC4 in the 
NHEJ pathway, for T-DNA integration is controversial since it has been shown to be 
both vital and dispensable for Agrobacterium-mediated Arabidopsis transformation 
(Friesner and Britt 2003, van Attikum, Bundock et al. 2003). At the same time, knock-
down of the DNA ligase IV homolog in rice resulted in a significant decrease in callus 
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transformation (Nishizawa-Yokoi, Nonaka et al. 2012). Further research is needed to 
clarify the contribution of DNA ligase IV to Agrobacterium-mediated transformation. 
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Table 2.4. DNA DSB repair genes involved in plant transformation 
Gene Function 
Modulation of 
expression 
The effect on 
transformation 
Reference 
MRE11 
Functions early 
as part of the 
MRN complex 
in DNA damage 
sensing, 
signalling and 
the repair 
mechanism of 
both HR and 
NHEJ pathways 
Knockout 
A 10-fold increase 
in the frequency of 
GT-events/ 
An overall reduced 
frequency of 
Agrobacterium-
mediated floral dip 
transformation 
(Jia, Bundock et al. 
2012) 
XRCC4 
Plays a vital role 
in the 
juxtaposition of 
the processed 
DSB ends  
RNAi-mediated 
knockdown 
A 50% increase in 
the stable 
transformation 
frequency  
(Vaghchhipawala, 
Vasudevan et al. 
2012) 
Saccharomyces 
cerevisiae RAD54 
Promotes strand 
invasion during 
HR in yeast 
Overexpression 
A 10-100-fold 
increase in the GT 
frequency 
(Shaked, Melamed-
Bessudo et al. 2005) 
KU80 
Involved in 
NHEJ 
Overexpression 
A 2-fold increase in 
Agrobacterium-
mediated stable 
transformation 
(Li, Vaidya et al. 
2005) 
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2.2.5. Homologous recombination DNA repair and plant transformation 
The improvement of plant transformation by increasing the number of transgenic 
plants obtained in a single transformation round does not necessarily guarantee a 
generation of transgenic plants with stable and predictable transgene expression in 
successive generations. Random multiple copy transgene integrations and truncations of 
the transgene sequence (possibly due to the involvement of the error-prone DNA repair 
process) negatively influence transgene expression partially due to a silencing effect 
(Eamens, Wang et al. 2008). Hence, the development of GT and genome-editing methods 
is widely explored in order to improve plant transformation.  
In yeast, even short stretches of homology (~50 bp) between the transformation 
vector sequence and the endogenous DNA can result in the integration of DNA by the 
HR mechanism. In contrast, transgene integration in plants usually occurs randomly, 
irrespective of the presence of homology between the delivered DNA and host 
chromosomes (Hanin and Paszkowski 2003). The estimated ratio of transgene 
homologous integration to NHEJ-mediated insertion in plants is 1:103 to 1:104. Such 
negligible frequency of GT events requires screening of thousands of transgenic plants to 
identify rare homologous integration events (Shaked, Melamed-Bessudo et al. 2005). A 
few approaches have been proposed to elevate the frequency of GT events (Shaked, 
Melamed-Bessudo et al. 2005, Weinthal, Tovkach et al. 2010, Fauser, Roth et al. 2012). 
The first approach encompasses the overexpression of genes involved in the HR 
repair process. For instance, Arabidopsis plants transgenic for the Saccharomyces 
cerevisiae RAD54 gene are much more sensitive for HR-based transgene integration: the 
gene-targeting frequency was increased by two orders of magnitude in these plants 
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(Shaked, Melamed-Bessudo et al. 2005, Even-Faitelson, Samach et al. 2011). RAD54 
encodes a protein that is a member of the SWI2/SNF2 superfamily of chromatin 
remodelling proteins which promote strand invasion during the HR repair in yeast (Tan, 
Kanaar et al. 2003). A further enhancement of the frequency of GT events may be 
achieved through the co-expression of yeast proteins RAD52, MIM and RAD51 which 
have been found to significantly enhance the rate of HR in the plant system (Johnson, 
Hellens et al. 2011). 
An alternative approach conceivably has the most promising future in the applied 
genetic engineering of plants involves a direct editing of the genome by the 
endonucleases with the modular structure. Restriction enzymes such as meganucleases 
(Arnould, Chames et al. 2006), zinc-finger nucleases (ZFNs) (Zhang, Maeder et al. 
2010), and transcription activator-like effector nucleases (TALEN) (Cermak, Doyle et al. 
2011) can be specifically designed to recognise and introduce DSBs into the predicted 
locations within the host genome. Subsequently, a specific locus activated by DSB can be 
efficiently repaired through either the HR or NHEJ pathway, depending on the presence 
of homologous sequences in the delivered DNA (Puchta, Dujon et al. 1996, Salomon and 
Puchta 1998, Chilton and Que 2003, Fauser, Roth et al. 2012). For instance, by using 
ZFNs, the authors managed to achieve a 104- to106-fold enhancement in the rate of GT 
events over the frequencies of unassisted homologous recombination events in tobacco 
plants (Wright, Townsend et al. 2005). Similarly, 14% of tobacco protoplasts transformed 
with both TALENs and the promoter-less yellow fluorescent protein (YFP) donor 
template demonstrated a fluorescent signal, whereas protoplasts transformed with a donor 
construct alone showed no fluorescence (Zhang, Zhang et al. 2012). Moreover, an 
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elevated frequency of GT events in protoplasts allowed the recovery of regenerated calli 
with gene replacement under non-selective conditions with a weighted mean of 4%.  
Overall, this strategy has great potential for plant transgenesis and GT technology 
since TALEN-mediated (or any other site-specific DNA restriction enzyme-assisted) 
modification of plant cells can be further utilized for routine recovery of high quality 
transgenic plants without selection markers or highthroughput screening. Additionally, by 
using the rare-cutting endonucleases, it is possible now to engineer a plant that has novel 
genetic variation and does not carry a transgene in a relatively short period of time 
(Curtin, Zhang et al. 2011, Li, Liu et al. 2012). Thus, recently rice resistant to the 
phytopathogenic bacterium Xanthomonas oryzae has been generated by using TALENs 
(Li, Liu et al. 2012). Additionally, to prevent the stable integration of the transgene which 
encodes an endonuclease for genome editing, this restriction enzyme can by transiently 
overexpressed using viral-based methods. Marton et al. (2010) showed that ZFNs can be 
transiently delivered to tobacco and petunia using a novel Tobacco rattle virus (TRV)-
based expression system (Marton, Zuker et al. 2010). Since TRV has an ability to infect 
developing buds and penetrate the ovules, it enables ZFN-introduced mutations to be 
fixed in the gamete genome and transmitted to the next generation. Hence, the transgene 
is never introduced into the host genome; this can benefit the studies aimed at 
commercializing the resulting modified plants since the recovered plants should 
potentially be referred to as non-transgenic (Vainstein, Marton et al. 2011, Curtin, Voytas 
et al. 2012). 
 
 
  
66 
 
 
 
 
 
 
 
3. THE PROGENY OF ARABIDOPSIS THALIANA PLANTS EXPOSED 
TO SALT EXHIBIT CHANGES IN DNA METHYLATION, HISTONE 
MODIFICATIONS AND GENE EXPRESSION1 
 
 
 
 
 
 
 
 
 
 
1Chapter 3 has been published in its entirety: 
Bilichak, A., Y. Ilnystkyy, et al. (2012). "The progeny of Arabidopsis thaliana 
plants exposed to salt exhibit changes in DNA methylation, histone modifications and 
gene expression." PLoS One 7(1): e30515. 
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3.1. ABSTRACT 
Plants are able to acclimate to new growth conditions at relatively short time-
scale. Recently, we showed that the progeny of plants exposed to various abiotic stresses 
exhibited changes in genome stability, methylation patterns and stress tolerance. Here, we 
performed a more detailed analysis of methylation patterns in the progeny of Arabidopsis 
thaliana (Arabidopsis) plants exposed to 25 and 75 mM sodium chloride. We found that 
the majority of gene promoters exhibiting changes in methylation were hypermethylated, 
and this group was overrepresented by regulators of the chromatin structure. The analysis 
of DNA methylation at gene bodies showed that hypermethylation in the progeny of 
stressed plants was primarily due to changes in the 5' and 3' ends as well as in exons 
rather than introns. All but one hypermethylated gene tested had lower gene expression. 
The analysis of histone modifications in the promoters and coding sequences showed that 
hypermethylation and lower gene expression correlated with the enrichment of H3K9me2 
and depletion of H3K9ac histones. Thus, our work demonstrated a high degree of 
correlation between changes in DNA methylation, histone modifications and gene 
expression in the progeny of salt-stressed plants. 
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3.2. INTRODUCTION 
Living organisms are frequently influenced by abiotic and biotic environmental 
factors. Apart from physiological changes in the exposed generation, stress also alters 
epigenetic marks that can potentially persist in the progeny. Epigenetic factors can 
contribute to both short-term (mitotic) and long-term (meiotic) inheritance of an altered 
gene expression without changing the primary DNA sequences (Saze 2008). The key 
factors that are implicated in epigenetic memory include, but are not limited to, DNA 
cytosine methylation, post-translational histone modifications and metabolism of small 
RNA molecules that can interact to form self-reinforcing loops (Boyko and Kovalchuk 
2011, Mirouze and Paszkowski 2011, Paszkowski and Grossniklaus 2011). DNA 
methylation is largely responsible for regulating the transcriptional genome output as 
well as for directing the deposition of other epigenetic marks and chromatin remodelling 
(Zilberman, Gehring et al. 2007). Overall, slightly more than 20% of the Arabidopsis 
genome is methylated, with transposable elements (TEs) and DNA repeats representing 
the largest fraction of methylated sequences. Whereas TEs are heavily methylated 
throughout their whole sequence, non-TE genes that are expressed in a tissue-specific 
manner are primarily methylated at the gene promoter regions (Zhang, Yazaki et al. 
2006). At the same time, methylation of coding regions does not usually result in gene 
silencing (Zhang, Yazaki et al. 2006, Cokus, Feng et al. 2008). Methylation of 
transcribed regions seems to primarily occur at CG sites, and there appears to be no 
obvious correlation between the level of gene-body methylation and gene expression 
(Zilberman, Gehring et al. 2007). Genes methylated within the coding sequence display 
moderate expression levels and are less likely to have tissue-specific expression (Zhang, 
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Yazaki et al. 2006, Vaughn, Tanurdzic et al. 2007, Zilberman, Gehring et al. 2007). 
Methylation in the coding sequence of these genes moderately correlates with the level of 
gene expression (Feng and Jacobsen 2011). 
Alterations in DNA methylation have been suggested to be involved in the 
process of adaptation to stress in plants (Kovalchuk, Burke et al. 2003, Kovalchuk, 
Abramov et al. 2004, Chinnusamy and Zhu 2009, Urano, Kurihara et al. 2010). Our 
previous research also showed that stress exposure resulted in changes in DNA 
methylation and gene expression in unexposed progeny (Boyko, Blevins et al. 2010, 
Kathiria, Sidler et al. 2010). The persistence of cytosine methylation and its reversibility 
makes it an ideal mechanism controlling transgenerational response to stress. DNA 
methylation was also shown to direct the deposition of certain chromatin marks such as 
differentially modified histones. The analysis of the DNA methyltransferase and histone 
methyltransferase mutants revealed a tight link between DNA methylation and post-
translational histone modifications (Lippman, May et al. 2003, Naumann, Fischer et al. 
2005, Numa, Kim et al. 2010), suggesting that epigenetic regulation of gene expression is 
a complex mechanism of interaction between chromatin remodelling factors. In a mutant 
of decrease in dna methylation1 (ddm1) which is responsible for the maintenance of 
cytosine DNA methylation in the heterochromatic regions, a decrease in DNA 
methylation is associated with gain of H3K4me and loss of H3K9me (Gendrel, Lippman 
et al. 2002). Additionally, the copia-like elements (TA2 and TA3) lose the H3K9me 
modification in the chromomethylase3 (cmt3) and dna methyltransferase (met1) double 
mutants (Johnson, Cao et al. 2002). On the contrary, mutations of the KRYPTONITE 
gene that encodes a member of the Su(var)3-9 family of histone methyltransferases 
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causes depletion of H3K9me, loss of DNA methylation, and lower gene silencing 
(Jackson, Johnson et al. 2004). 
Histone modifications provide another layer of epigenetic information that 
responds to the developmental and environmental cues in a fast and efficient manner. 
Among various histone modifications, histone acetylation acts directly by loosening 
histone association with DNA leading to transcriptional activation, whereas histone 
methylation helps recruit other effector proteins and their complexes, and thus either 
activating or repressing gene expression. For example, modifications at H3K9 have 
positive and negative effects on gene expression; whereas acetylation at H3K9 correlates 
with high gene expression and dimethylation of H3K9 acts as a repressive chromatin 
mark (Feng and Jacobsen 2011). 
A correlation between gene expression, DNA methylation and histone 
modifications is not always obvious. Zhou et al. (2010) analyzed the genome-wide 
distribution of acetylation and demethylation of histone H3 lysine 9 (H3K9ac and 
H3K9me2) and correlated it with gene expression data (Zhou, Wang et al. 2010).  They 
found that high levels of H3K9ac were primarily associated with actively transcribed 
genes and infrequently associated with transposons. In contrast, H3K9me2 was found to 
be primarily targeting TEs and occasionally – poorly transcribed non-TE genes. The 
authors found H3K9ac to cluster around transcription and translation start sites, whereas 
H3K9me2 was shown to span the entire coding region (Zhou, Wang et al. 2010). Lang-
Mladek et al. (2010) analyzed changes in DNA methylation, histone acetylation and gene 
expression in response of somatic Arabidopsis tissue to heat stress (Lang-Mladek, 
Popova et al. 2010). The authors found a positive correlation between changes in the 
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level of gene expression and histone acetylation at a given locus but did not observe any 
correlation between the levels of gene expression and methylation. Unfortunately to date, 
no analysis of histone modifications in the progeny of stressed plants has been performed. 
Thus, there is no evidence whether changes in DNA methylation in progenies of stressed 
plants correlate with changes in histone post-translational modifications. 
Here, we extended our previous work by performing a more detailed analysis of 
DNA methylation of progenies of salt-stressed plants. We followed this work by the 
analysis of histone modifications at a set of selected promoter- and gene-coding regions. 
Furthermore, we analyzed the expression of these genes and performed a correlation 
analysis of methylation patterns, gene expression and histone modifications. We found a 
high degree of correlation among the levels of methylation, histone modification status, 
and the level of mRNA in SUVH2, SUVH5, SUVH6, SUVH8, UBP26, DRB2, WRKY22, 
ROS1, MSH6, UVH3 homolog, APUM3 and MOS6 in the progeny of salt-stressed plants. 
Our findings support previous reports on transgenerational changes in plants (Molinier, 
Ries et al. 2006, Pecinka, Rosa et al. 2009), they also provide new evidence of a tight 
correlation between epigenetic marks involved in stress response.  
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3.3. MATERIALS AND METHODS 
3.3.1. An experimental set-up 
In order to check the effect of NaCl stress, the Arabidopsis plants from line 11 
(ecotype C24) (Swoboda, Gal et al. 1994, Ilnytskyy, Boyko et al. 2004) were germinated 
and grown for three weeks on sterile MS media supplemented with either 0, 25 or 75 mM 
NaCl. Then, the plants were transferred into soil and grown at 22°C under 12 h day/12 h 
night conditions and illumination at 100 µmol m-2 sec-1. In every case, seeds from 20 
plants were pooled together, and plants were propagated to the next generation under 
normal growth conditions. The seeds were germinated and grown on soil at 22°C under 
12 h day/12 h night conditions and illumination at 100 µmol m-2 sec-1. Tissue samples 
(leaves only) from these plants were harvested at three weeks after germination and were 
used for further analysis. 
 
3.3.2. Immunoprecipitation analysis of methylated DNA 
The Methyl-DNA immunoprecipitation (MeDIP) assay was performed to analyse 
DNA methylation (Zilberman, Gehring et al. 2007). Genomic DNA used for the analysis 
was prepared from 20 three-week-old progeny of salt-stressed A. thaliana plants using a 
Trizol reagent as published before (Boyko, Kathiria et al. 2007). DNA was sheared by 
sonication to 500- to 1,500-bp fragments followed by immunoprecipitation with 
antibodies against methylated cytosine (Zilberman, Gehring et al. 2007). 500 ng of 
control DNA and the entire immunoprecipitation reaction were amplified using the T7 
RNA polymerase linear amplification protocol as described (Zilberman, Gehring et al. 
2007). A 5 µg aliquot of RNA from each reaction was converted into double-stranded 
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DNA using the SuperScript Double-Stranded cDNA Synthesis kit (Invitrogen). Control 
and immunoprecipitated DNA were labelled with Cy3 and Cy5 fluorescent dyes, 
respectively.  
Both samples with labelled DNA were hybridized to Whole Genome Tiling Array 
2 (Cat. # C4348001-02-01, NimbleGen). The Array 2 contains probes, 90-nt long, 
covering the entire DNA sequence of chromosome 3 and the partial DNA sequences of 
chromosomes 2 and 4. The sequence of chromosome 2 consists of the region from nt 
position 9,687,916 to the end of chromosome at nt position 19,704,755. The sequence of 
chromosome 4 consists of the region from nt position 1,001 to nt position 6,133,069.  
For the data normalization (performed by the Tukey-biweight scaling procedure) 
and statistical analysis, we used the R environment including the package Ringo 
(Toedling, Skylar et al. 2007). Furthermore, for the identification of the MeDIP-enriched 
regions, we followed an overall description made by Toedling and co-workers (Toedling, 
Skylar et al. 2007). After the preprocessing step we did a smoothing over individual 
probe intensities. We performed a sliding windows procedure (with 900 bp width) along 
the chromosomes and replaced the intensity at each genomic position by the median over 
the intensities of those reporters inside the window that is centered at this position. Next, 
we identified the MeDIP-enriched regions by taking into account that the region should 
contain at least three probe match positions and that the smoothed intensities of the 
reporters mapped to those regions exceed a defined threshold. This threshold is an upper 
bound for values arising from the underlying null distribution (the levels of smoothed 
reporters follow a mixture of two distributions, the null distribution of non-affected 
reporters and the alternative distribution for the values in the MeDIP-enriched regions), 
74 
 
thus smoothed probe levels larger than defined threshold are more likely to arise from the 
alternative (MeDIP enrichment) distribution and are taken as indicator for finding 
MeDIP-enriched regions. Array intensities for the MeDIP analysis were represented as 
log2 signal ratios of immunoprecipitated DNA to input DNA.  
A more detailed analysis of methylation was done by using either 5- or 1-kb 
sequence of the promoter region and the coding sequence itself. The log2 ratio IP/INPUT 
values of individual reporters were taken into consideration for the analysis of the 
number of methylated reporters that are different between groups (“ct”, “25” and “75”). 
Genomic regions (promoter and coding sequences) in which at least 5 reporters had 
different log2 IP/INPUT ratios between “75” and “ct” as well as “25” and “ct” were then 
taken into consideration. First the percentage of methylated reporters in each group was 
calculated. Next, the percentages of methylated reporters were intercompared for 
aforementioned groups and genomic regions in which the differences were over 50% for 
promoter regions and over 80% for coding sequence regions were short-listed (24 
promoters and 22 coding region sequences). 
To identify whether methylated regions in the “ct”, “25 mM” and “75 mM” plants 
groups have different values, we performed the non-parametric statistical Wilcoxon rank-
sum test. At first, we ranked all values in each array (ct, 25 mM, and 75 mM) and 
extracted a 1 percent tail on the right-hand side (high methylation) and the left-hand side 
(low methylation) followed by ranking the corresponding values of other arrays. The 
differences between “25” and “ct”, “75” and “ct”, and “75” and “25” were expressed in 
p-values. A separate analysis was performed for promoter regions (4584 regions), gene 
body regions (2179 regions) and all regions (6763 regions) (data not shown). A similar 
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analysis was performed for 0.1%, 0.5%, 5.0%, 10.0%, 15.0% and 20.0% tails (data not 
shown). 
 
3.3.3. ChIP-qPCR analysis 
All procedures for the ChIP analysis of histone modifications in the progeny of 
salt-stressed Arabidopsis plants were done according to the protocol described before 
(Saleh, Alvarez-Venegas et al. 2008) with minor modifications. Instead of using Salmon 
sperm DNA/protein A agarose beads, we found more convenient to use Protein G 
MagneticBeads (GenScript, cat.# - L002274). For immunoprecipitation, we used ChIP 
grade antibodies against acetyl H3K9 (Millipore, cat. # - 17-658) and methyl 2 H3K9 
(Abcam, cat. # - ab1220). A no-antibody negative control was performed to measure the 
non-specific binding of DNA to the Protein G MagneticBeads. All quantitative 
measurements of precipitated DNA were performed using the qPCR technique with 
SsoFast EvaGreen Supermix (Bio-Rad, cat. #1725200) using either the promoter- or 
gene- specific primers. The promoter and transcribed region sequences were analyzed 
using EMBOSS CpGPlot software with a default settings in order to identify (if it was 
possible) and plot CpG islands that were used for further amplification (Larsen, 
Gundersen et al. 1992). Primers for the real-time quantitative PCR were designed using 
the Beacon Designer7 software (Table 3.3.1). The precipitated gDNA fragments were 
amplified under the following conditions: (1) 98°C for 2 min for one cycle; 98°C for 5 s, 
48°C for 5 s, for 40 cycles; (2) melt-curve analysis – 65°C to 95°C for 5 s, with a 0.5°C 
increment. The optimization of the annealing temperature, melt-curve analysis, and gel 
analysis of amplicons were performed for each set of primers. The normalization was 
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done against ACTIN7 (AT5G09810). The average of four reactions (two dilutions per 
each of two DNA preparations stemming from two independent experiments) was 
obtained, and the normalized expression ratio was calculated using 2-∆∆CT method.  
 
3.3.4. MeDIP-qPCR 
DNA precipitated through MeDIP was used for real time PCR of SUVH2, 
SUVH6, WRKY22, MSH6, UBP26 and UHV3 homolog genes. PCRs were performed as 
in “Chip-qPCR”. Primers are listed in Table 3.3.1. 
 
3.3.5. Real-time qPCR analysis 
Approximately 80 mg of plant tissue was ground in liquid nitrogen and 
transferred to a chilled 1.5-mL Eppendorf tube, and 160 µL of TRIzol reagent 
(Invitrogen) was added. The remainder of the extraction was performed as per the 
manufacturer’s protocol. Next, mRNA was purified and concentrated using the Oligotex 
mRNA Mini Kit (Qiagen, cat. # 70022). The quantity and quality of mRNA were 
measured in RNase-free double distilled water using a spectrophotometer. cDNA was 
then prepared from mRNA using the iScript Select cDNA synthesis kit (Bio-Rad, cat. # 
170-8897) according to the manufacturer’s protocol.  
The real-time quantitative PCR was performed using SsoFast EvaGreen Supermix 
(Bio-Rad). cDNAs were amplified under the following conditions: (1) 98°C for 2 min for 
one cycle; 98°C for 5 s, 48°C for 5 s, 65°C to 95°C for 5 s; for 40 cycles; (2) melt-curve 
analysis - 65°C to 95°C for 5 s, with a 0.5°C increment. Primers for the real-time 
quantitative PCR were designed using the Beacon Designer7 program (Table 3.3.1). The 
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optimization of the annealing temperature, melt-curve analysis, and gel analysis of 
amplicons were performed for each set of primers. To evaluate the PCR efficiency, the 
standard curve was established using a series of cDNA dilutions. The expression of genes 
was related to the expression of RCE1 and tubulin. The average of four reactions (two 
independent experiments in two technical replicates) was obtained, and the normalized 
expression ratio was calculated using 2-∆∆CT method.  
 
3.3.6. Statistical treatment of the data  
Statistical analyses were performed using MS Excel software and Microcal Origin 
6.0. Standard errors or standard deviations were calculated. A statistically significant 
difference between the means was compared using either Student’s t-test or single-factor 
ANOVA. Statistical analysis of the percentage of non-TE genes with differentially 
methylated regions was performed using single-factor ANOVA; since no replication of 
methylation analysis was performed, statistical analysis was done by comparing the 
percentage of hyper- and hypo-methylated regions in 25 mM and 75 mM plant groups 
(Figure 3.4.2). Statistical analysis of the percentage of TE-genes was performed between 
either hyper- or hypo-methylation groups and control group using data for both 25 and 75 
mM plant groups (single-factor ANOVA). 
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Table 3.3.1. Primers used for the analysis of histone modifications and gene 
expression 
Primer name ChIP primers qPCR primers 
SUVH6-p-for 5΄-TTATCCCTATTCCCTAGCATA-3΄ 
 
SUVH6-p-rev 5΄-GTGTGATTCTTATCTTCTTCTG-3΄ 
 
SUVH6-t-for 5΄-TTCGCCACAAGGATTATC-3΄ 
SUVH6-t-rev 5΄-CATTCTCTGGTGTATTCATTAC-3΄ 
SUVH8-p-for 5΄-ATTGCTTGACTAATGTTTCA-3΄ 
 
SUVH8-p-rev 5΄-CAGAATAGACTTATCGGTTG-3΄ 
 
SUVH8-t-for 
 
5΄-ACATCAGCACCTCCTCAT-3΄ 
SUVH8-t-rev 
 
5΄-CCAGCACTCGCATCATAA-3΄ 
DRB2-p-for 5΄-GCTTACAATAGTGGTGGATTATAG-3΄ 
 
DRB2-p-rev 5΄-CGCTGCTAGTCAACTGAA-3΄ 
 
DRB2-t-for 5΄-ACCAACCTGTGTTTACTG-3΄ 
DRB2-t-rev 5΄-CTTCTCTGCTTGCTTCTT-3΄ 
APUM3-p-for 5΄-CCCAGTTTCTTCTTAAAGTTTC-3΄ 
 
APUM3-p-rev 5΄-AAATCCTAAAGATGACACCTT-3΄ 
 
APUM3-t-for 5΄-ATAGTGGAAGTGGAGTAG-3΄ 
APUM3-t-rev 5΄-TCATACATTGGAGAATAGTTAT-3΄ 
SUVH2-p-for 5΄-ACCAAATAATTAGTACAGAAGAA-3΄ 
 
SUVH2-p-rev 5΄-GTATGAACTTAAGATCGGAAT-3΄ 
 
SUVH2-t-for 5΄-TTATTCGTATCTCAGAGC-3΄ 
SUVH2-t-rev 5΄-CAGAATCCAATCCGTATA-3΄ 
SUVH5-p-for 5΄-GAAGCCGAACGGGTGATA-3΄ 
 
SUVH5-p-rev 5΄-TGATTCAATGTTGCATGATCTAGG-3΄ 
 
SUVH5-t-for 5΄-ACGACATTACAATCATCAG-3΄ 
SUVH5-t-rev 5΄-CTTGAAGACGAGTTTACC-3΄ 
ROS1-p-for 5΄-AGAAGAAACGAAGCATCA-3΄ 
 
ROS1-p-rev 5΄-CAGTAGAATCAATGGTTATGG-3΄ 
 
ROS1-t-for 
 
5΄-ACCTGCTTCTCTAATGTC-3΄ 
ROS1-t-rev 
 
5΄-AACTTCAACTCGTCCTAA-3΄ 
UVH3 
homologue-p-
for 
5΄-TGCTATGTGCCTGGTAAT-3΄ 
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Table 3.3.1. Primers used for the analysis of histone modifications and gene 
expression (continued) 
Primer name ChIP primers qPCR primers 
UVH3 
homologue-p-rev 
5΄-AATTCTTCACTTCGGTTCG-3΄ 
 
UVH3 
homologue-t-for 
5΄-TTCGTGCTATATTGGTTC-3΄ 
UVH3 
homologue-t-for 
5΄-AATAACTTTCGCCTCTTT-3΄ 
UBP26-p-rev 5΄-CGAGTTTATTGGGACATT-3΄ 
 
UBP26-p-rev 5΄-CGCTCTCTTATTTCAGATT-3΄ 
 
UBP26-t-for 5΄-TGTTAGAGGCATCTGACT-3΄ 
UBP26-t-for 5΄-CAGGTTTCCATAATTTGTTCT-3΄ 
WRKY22-p-for 5΄-GTAATGAAGCAGAACCAA-3΄ 
 
WRKY22-p-rev 5΄-AATAATCCGTCAGCAGTA-3΄ 
 
WRKY22-t-for 5΄-CGACCACTATTGCTACTTAT-3΄ 
WRKY22-t-rev 5΄-GCTAGATGATCCTCAACAG-3΄ 
MSH6-p-for 5΄-GAGAGCGAGTATTATTAC-3΄ 
 
MSH6-p-rev 5΄-ATTATGGAGTGAAGAGAT-3΄ 
 
MSH6-t-for 5΄-GGTAATGTGGAAGAAGATA-3΄ 
MSH6-t-rev 5΄-ATTCTCATCAACCAACTC-3΄ 
MOS6-p-for 5΄-GAGTGGCAGGTTCGTTAT-3΄ 
 
MOS6-p-for 5΄-CAAGAGCGTGTACTTAGGA-3΄ 
 
MOS6-t-for 
 
5΄-GAAATGTTGCTGGAGACT-3΄ 
MOS6-t-for 
 
5΄-TTGAATTGAGACAGAAGAGG-3΄ 
Actin7-for 5΄-CAGTCCAAGAGAGGTATC-3΄ 
 
Actin7-rev 5΄-AAGTGTGATGCCATATCT-3΄ 
 
RCE1-for 
 
5΄-CTGATGCATGGATATTACC-3΄ 
RCE1-rev 
 
5΄-ACTGTGTTAATGTTAAAGAA-3΄ 
Tubulin-for 
 
5΄-CTCAAGAGGTTCTCAGCAGTA-3΄ 
Tubulin-rev 
 
5΄-TCACCTTCTTCATCCGCAGTT-3΄ 
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3.4. RESULTS 
3.4.1. The progeny of stressed plants exhibit changes in DNA methylation 
Our previous methylation analysis using cytosine extension assay showed that the 
genome of the progeny of stressed plants was hypermethylated in “25 mM plants” and 
“75 mM plants” by 12% and 10%, respectively.  
To gain more detailed knowledge about a type of sequences in which changes in 
DNA methylation occurred, we analyzed methylation at the promoter and transcribed 
regions of all genes located on the NimbleGen Array #2. First, for the analysis of the 
promoter region, we used the 5 kb sequence 5' of a transcribed region. For the analysis of 
methylation at the transcribed region, we used the entire sequences of the transcribed 
region of each gene. We identified the number of methylated reporters (the region of 90 
nt in length, see Materials and Methods for details) out of the total number of reporters 
which are present either in the 5-kb promoter region or in the transcribed region and 
compared these data between the progeny of control and stressed plants. To obtain a list 
of differentially methylated promoters and gene-body regions, we considered the regions 
to be hypermethylated if methylation changed from 0-50% in the progeny of control 
plants to 50-100% in the progeny of stressed plants. Similarly, we considered the regions 
to be hypomethylated if methylation changed from 50-100% in the progeny of control 
plants to 0-50% in the progeny of stressed plants. Out of 6,763 promoters and transcribed 
regions analyzed, there were 266 and 283 promoter regions in which methylation changes 
were observed in the progeny of plants exposed to 25 and 75 mM NaCl, respectively, as 
compared to the progeny of control plants; 170 promoter regions were similarly regulated 
in both plant groups exposed to 25 and 75 mM NaCl (Figure 3.4.1A). There were 434 
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and 451 differentially methylated gene-body regions in 25 and 75 mM plant groups, 
respectively; 304 regions were similar for both groups (Figure 3.4.1B).  
To analyze whether differences in methylation between the progeny of stressed 
and control plants were significant, we performed the non-parametric statistical Wilcoxon 
rank-sum test using ranked data for ct, 25 mM and 75 mM plants groups in three regions: 
the promoter regions, the gene body regions and all regions. The analysis of a 1 percent 
tail in hypomethylated regions (the start of the rank) showed that neither 25 mM nor 75 
mM plant groups were different from ct plants, although they were different from each 
other (data not shown). The analysis of a 1 percent tail in hypermethylated regions (the 
end of the rank) showed that both the 25 mM and 75 mM plant groups were different 
from ct plants, and the 25 mM and 75 mM plant groups were mostly similar to each other 
(data not shown). Further analysis showed that these similarities in hypomethylated 
regions and significant differences in hypermethylated regions were preserved even for a 
10 percent tail (data not shown). 
While comparing the lists of hyper- and hypomethylated regions, we found that 
the majority of genes and promoters exhibiting methylation changes in the progeny of 
stressed plants were hypermethylated. Namely, there was a 2.5-fold higher percentage of 
hypermethylated genes compared to hypomethylated genes in the progeny of plants 
exposed to 25 mM NaCl (p=0.045) and a 5-fold higher percentage – in the progeny of 
plants exposed to 75 mM NaCl (p=0.003) (Figure 3.4.2).   
To further decrease the number of genes which have differentially methylated 
promoters, we decided to restrict the promoter size to a 1,000-nt sequence upstream of 
the transcribed region. A comparison of methylation levels between the progeny of 
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stressed and control plants showed 18 hypermethylated and 6 hypomethylated promoters 
exhibiting over 50% changes in methylation (Table 3.4.1, Table 3.4.2). Methylation 
changes were similar in the progeny of plants exposed to 25 and 75 mM NaCl in 12 out 
of 24 promoters being analyzed (Table 3.4.1, Table 3.4.2). 
Similarly, to restrict the number of genes which were differentially methylated at 
the gene body, we considered only those genes with an over 80% increase or decrease in 
methylation, that is from 0-20% in the progeny of control to 80-100% of methylation in 
the progeny of stressed or from 80-100% in the progeny of control to 0-20% of 
methylation in the progeny of stressed. The analysis showed that there were 15 and 7 
genes hypermethylated and hypomethylated at the transcribed regions, respectively 
(Table 3.4.3, Table 3.4.4). This again indicated that hypermethylation prevailed in the 
progeny. In 14 out of 22 genes being analyzed, hypermethylations or hypomethylations 
of a given gene were observed in the progeny of plants exposed to both 25 and 75 mM 
NaCl (Table 3.4.3, Table 3.4.4). 
Since the cultivar used in this study was C24 and NimbleGen array was based on 
the sequence of cultivar Columbia, there was a possibility that substantial polymorphism 
would interfere with hybridization. We analyzed sequence polymorphism for 8 
shortlisted genes and found an average of 1.6 substitutions in the average sequence length 
of ~3,500 nt (data not shown). Such a low percentage (0.05%) of sequence polymorphism 
unlikely interfered with hybridization between C24 DNA and Columbia DNA-based 
NimbleGen array. 
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Figure 3.4.1. Venn diagrams showing the number of the similarly and 
differentially methylated promoter regions (A) and gene body regions (B)  in the 
progeny of plants exposed to 25 and 75 mM NaCl as compared to the progeny of 
control plants 
 
Figure 3.4.2. Percentage of differentially methylated genes 
The figure shows the percentage of genes that are hyper- or hypomethylated at the 
promoter or gene body regions in the progeny of stressed (25 or 75 mM) plants as 
compared to the progeny of non-stressed control plants. “25_Hypo” and “75_Hypo” – 
stand for hypomethylated regions in the progeny of plants exposed to 25 and 75 mM 
NaCl, respectively. “25_Hyper” and “75_Hyper” – represent hypermethylated regions in 
the progeny of plants exposed to 25 and 75 mM NaCl, respectively. The asterisks denote 
a significant difference between the percentage of hypermethylated and hypomethylated 
regions (p<0.05; single-factor Anova). 
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Table 3.4.1. Promoters hypermethylated in the progeny of stressed plants 
AGI 
N of  
reporters 
N of methylated 
reporters 
% of methylated 
reporters 
Gene symbol(function) 
  
ct 25 75 ct 25 75 
 
AT2G36490 11 0 6 0 0 55 0 ROS1 
AT2G47275 7 0 0 5 0 0 71 MICRORNA403 (MIR403) 
AT2G25930 10 0 0 7 0 0 70 EARLY FLOWERING 3 (ELF3) 
AT2G24740 9 0 0 6 0 0 67 
SU(VAR)3-9 HOMOLOG 8 
(SUVH8) 
AT2G35160 7 0 0 5 0 0 71 
SU(VAR)3-9 HOMOLOG 5 
(SUVH5) 
AT2G45650 10 0 0 9 0 0 90 AGAMOUS-LIKE 6 (AGL6) 
AT3G55970 2 0 0 2 0 0 100 
JASMONATE-REGULATED 
GENE 21 (JRG21) 
AT3G49430 10 0 8 6 0 80 60 
Ser/Arg-rich protein 34a 
(SRp34a) 
AT3G50500 10 0 5 6 0 50 60 
SNF1-RELATED PROTEIN 
KINASE 2.2 (SNRK2.2) 
AT3G48057 12 0 11 11 0 92 92 MICRORNA843A (MIR843A) 
AT3G25770 9 0 5 4 0 56 44 
ALLENE OXIDE CYCLASE 2 
(AOC2) 
AT3G20340 9 0 9 8 0 100 89 downregulated by paraquat 
AT3G23100 8 0 0 6 0 0 75 XRCC4 
AT3G63010 7 0 0 5 0 0 71 
GA INSENSITIVE DWARF1B 
(GID1B) 
AT4G02150 10 0 8 6 0 80 60 MODIFIER OF SNC1, 6 (MOS6) 
AT4G02070 10 0 7 6 0 70 60 MUTS HOMOLOG 6 (MSH6) 
AT4G04695 10 0 0 8 0 0 80 (CPK31) 
AT4G01250 10 0 0 5 0 0 50 (WRKY22) 
 
The table shows the list of the genes that were hypermethylated at the promoter 
region. The promoter regions were defined as 1,000 nucleotides. The total number of 
reporters shows the number of reporters located on the array. The number of methylated 
reporters is the number of reporters for which the difference between enriched and input 
DNA was observed (see Materials and Methods for details). The percentage of 
methylated reporters reflects the percentage of reporters in which methylation has 
changed. 
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Table 3.4.2. Promoters hypomethylated in the progeny of stressed plants 
 
AGI 
N of  
reporters 
N of methylated 
reporters 
% of methylated 
reporters 
Gene symbol(function) 
  
ct 25 75 ct 25 75 
 
AT2G25820 11 6 0 0 55 0 0 
DREB subfamily A-4 of 
ERF/AP2 transcription factor 
family 
AT2G28550 10 8 0 0 80 0 0 RELATED TO AP2.7 (RAP2.7) 
AT3G46710 7 4 0 0 57 0 0 
disease resistance protein (CC-
NBS-LRR class) 
AT3G48900 11 7 0 0 64 0 0 
DNA repair/chromatin binding 
(UVH3 homolog) 
AT3G23240 11 7 0 0 64 0 0 
ETHYLENE RESPONSE 
FACTOR 1 (ERF1) 
AT3G61650 10 6 0 2 60 0 20 GAMMA-TUBULIN (TUBG1) 
 
The table shows the list of the genes that were hypomethylated at the promoter 
region. The promoter regions were defined as 1,000 nucleotides. The total number of 
reporters shows the number of reporters located on the array. The number of methylated 
reporters is the number of reporters for which the difference between enriched and input 
DNA was observed (see Materials and Methods for details). The percentage of 
methylated reporters reflects the percentage of reporters in which methylation has 
changed. 
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Table 3.4.3. Gene bodies hypermethylated in the progeny of stressed plants 
AGI 
N of  
reporters 
N of methylated 
reporters 
% of methylated 
reporters 
Gene symbol(function) 
  
ct 25 75 ct 25 75 
 
AT2G28380 27 0 15 12 0 56 44 
DSRNA-BINDING PROTEIN 2 
(DRB2) 
AT2G29140 45 0 23 16 0 51 36 
ARABIDOPSIS PUMILIO 3 
(APUM3) 
AT2G42080 25 0 15 14 0 60 56 DNAJ heat shock protein 
AT2G23740 65 0 57 56 0 88 86 
SU(VAR)3-9 HOMOLOG 6 
(SUVH6) 
AT2G33290 28 0 0 18 0 0 64 
SU(VAR)3-9 HOMOLOG 2 
(SUVH2) 
AT2G33340 55 0 33 31 0 60 56 
MOS4-ASSOCIATED  
COMPLEX 3B (MAC3B) 
AT2G23380 53 0 0 27 0 0 51 CURLY LEAF (CLF) 
AT3G48050 63 0 39 35 0 62 56 
DNA binding; Transcription 
elongation factor 
AT3G11450 25 0 19 15 0 76 60 
DNAJ heat shock protein,  MYB-
like 
AT3G44880 31 0 18 17 0 58 55 
ACCELERATED CELL DEATH 
1 (ACD1) 
AT3G49600 70 0 37 32 0 53 46 
UBIQUITIN-SPECIFIC 
PROTEASE 26 (UBP26) 
AT3G03420 19 0 11 10 0 58 53 Ku70-binding family protein 
AT4G00450 83 0 66 65 0 80 78 CRYPTIC PRECOCIOUS (CRP) 
AT4G04340 46 0 34 32 0 74 70 
early-responsive to dehydration 
protein-related 
AT4G08210 24 0 23 22 0 96 92 
pentatricopeptide (PPR) repeat-
containing protein 
 
The table shows the list of the genes that were hypermethylated at the gene body 
region. The total number of reporters shows the number of reporters located on the array. 
The number of methylated reporters is the number of reporters for which the difference 
between enriched and input DNA was observed (see Materials and Methods for details). 
The percentage of methylated reporters reflects the percentage of reporters in which 
methylation has changed. 
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Table 3.4.4. Gene bodies hypomethylated in the progeny of stressed plants 
AGI 
N of  
reporters 
N of methylated 
reporters 
% of methylated 
reporters 
Gene symbol(function) 
  
ct 25 75 ct 25 75 
 
AT3G32316 10 5 3 0 50 30 0 AGAMOUS homolog 
AT3G28925 20 10 0 8 50 0 40 
ATSMC3 (ARABIDOPSIS 
THALIANA STRUCTURAL 
MAINTENANCE OF 
CHROMOSOME 3) 
AT3G07520 38 19 0 0 50 0 0 
GLUTAMATE RECEPTOR 1.4 
(GLR1.4) 
AT3G50360 15 8 7 0 53 47 0 CENTRIN2 (ATCEN2) 
AT3G15790 17 10 9 0 59 53 0 
METHYL-CPG-BINDING 
DOMAIN 11 (MBD11) 
AT4G04920 74 48 0 34 65 0 46 
SENSITIVE TO FREEZING 6 
(SFR6) 
AT4G02460 50 29 0 28 58 0 56 
POSTMEIOTIC 
SEGREGATION 1 (PMS1) 
 
The table shows the list of the genes that were hypomethylated at the gene body 
region. The total number of reporters shows the number of reporters located on the array. 
The number of methylated reporters is the number of reporters for which the difference 
between enriched and input DNA was observed (see Materials and Methods for details). 
The percentage of methylated reporters reflects the percentage of reporters in which 
methylation has changed. 
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3.4.2. An increase in methylation in the progeny of stressed plants is 
primarily due to changes in the exons and at the 5' or 3' ends of the genes 
Next, we tested whether there is a difference between the methylation level of the 
5' end, the central part and the 3' end of the gene. Previous reports suggested that 
methylation in the coding regions differs, with central parts of the gene typically having 
higher methylation levels (Feng and Jacobsen 2011). The genes that are methylated in the 
central part of the gene body are typically moderately expressed, and methylation levels 
correlate positively with gene expression (Feng and Jacobsen 2011). Our analysis of 
methylation of 2,317 genes showed that the 5' and 3' ends of the genes (300-nt from 
either side) had approximately 25-fold lower levels of methylation as compared to the 
central part of the gene analyzed in control plants (Figure 3.4.3A; Table 3.4.5). We also 
found that the differences in methylation levels of the progeny of stressed plants as 
compared to the progeny of control plants were much more dramatic in the 5' and 3' ends 
of the genes rather than in the central part (Figure 3.4.3A, Table 3.4.5). Methylation 
levels in the entire gene body were 15.1% and 7.8% higher in the progeny of plants 
exposed to 25 and 75 mM NaCl, respectively, as compared to control plants. Methylation 
levels in the central part of the genes were 13.7% and 3.9% higher in the progeny of 
stressed plants exposed to 25 and 75 mM NaCl. On the contrary, in the 300-nt region of 
the 5' end of the gene, methylation levels was 37.3% and 81.5% higher in plants exposed 
to 25 and 75 mM NaCl, whereas at the 3' end, they were 37.6% and 69% higher.  
Recent data on the analysis of DNA methylation in exons versus introns showed 
that methylation levels in exons are generally higher, and this may contribute to either 
exon definition or control of alternative gene splicing (Feng, Cokus et al. 2010, Laurent, 
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Wong et al. 2010). We analyzed whether methylation in the exon or intron of the genes 
differs in the progeny of stressed and control plants. We found that, in general, 
methylation levels in the exons were over 70% higher than those in the introns. A 
comparison between progenies of stressed and non-stressed plants showed that the 
increase in methylation in the progeny of salt-stressed plants was mainly due to changes 
in the exons. In the exons of the progeny of plants exposed to 25 and 75 mM NaCl, the 
level of hypermethylation was 21% and 17%, respectively. In the introns of plants 
exposed to 25 mM NaCl the level of hypermethylation was 5%, whereas in the introns of 
plants exposed to 75 mM NaCl we observed 8% hypomethylation, as compared to those 
in control plants (Figure 3.4.3B; Table 3.4.5). 
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Figure 3.4.3. The average percentage of the differentially methylated 
reporters located in various parts of the gene body 
The figure shows the average percentage of methylated reporters (with SE, 
calculated for over 2,000 genes) found in the coding sequences of genes in the progeny of 
control plants (Ct) and the progeny of stressed plants (25 and 75 mM). The asterisks 
denote a significant difference between the progeny of plants exposed to 25 or 75 mM 
NaCl and the progeny of control plants (p<0.05). 
A. The average percentage of methylated reporters in the entire coding 
sequence, in the 300 nts of the 5' end, in the 300 nts of the 3' end, and in the central part 
of the gene.  
B. The average percentage of methylated reporters in the entire coding 
sequence, in the exon and intron regions of the gene. 
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Table 3.4.5. Statistical analysis of differences in methylation levels in 
different parts of the gene body 
Source of variation Fold difference F P-value F crit 
TOTAL 
25mM_ct 1.15 30.47 3.58E-08 3.84 
75mM_ct 1.08 8.30 0.004 3.84 
75mM_25mM 0.94 7.64 0.006 3.84 
5' end 
25mM_ct 1.37 9.97 0.002 3.84 
75mM_ct 1.82 22.79 1.87E-06 3.84 
75mM_25mM 1.32 6.04 0.014 3.84 
Middle 
25mM_ct 1.14 24.89 6.28E-07 3.84 
75mM_ct 1.04 2.16 0.140 3.84 
75mM_25mM 0.91 13.84 2.00E-04 3.84 
3' end 
25mM_ct 1.32 6.59 0.010 3.84 
75mM_ct 1.69 14.31 1.57E-04 3.84 
75mM_25mM 1.28 3.75 0.053 3.84 
Exon 
25mM_ct 1.21 34.12 5.54E-09 3.84 
75mM_ct 1.17 13.16 2.88E-04 3.84 
75mM_25mM 0.97 5.22 0.0224 3.84 
Intron 
25mM_ct 1.05 7.68 0.006 3.84 
75mM_ct 0.92 1.28 0.258 3.84 
75mM_25mM 0.84 16.07 6.2E-05 3.84 
 
Single-factor ANOVA was used to identify significant differences between the 
progeny of plants exposed to 25 mM NaCl and the progeny of control plants (25mM_ct), 
between the progeny of plants exposed to 75 mM NaCl and the progeny of control plants 
(75mM_ct), and between the progeny of plants exposed to 75 mM NaCl and the progeny 
of plants exposed to 25 mM NACl (75mM_25mM). The analysis was performed for the 
entire sequence of the gene body as well as for the 5'/3' ends, the middle part, exon/intron 
regions. 
 
 
 
 
 
 
 
92 
 
3.4.3. The progeny of stressed plants have a large number of 
hypermethylated genes involved in the regulation of chromatin structure 
While analyzing the aforementioned list of genes, we noticed that majority of 
them were involved in the regulation of chromatin structure. For example, genes that 
encode histone methyltransferases (HMTases), namely, SUVH2, SUVH5, SUVH8, were 
highly hypermethylated in the promoter region, the transcribed region or both in the 
progeny of exposed plants. SUVH2 is one of the main players among HMTases; together 
with SUVH4, it significantly contributes to mono- and dimethylation of H3K9 (Ebbs and 
Bender 2006) and heterochromatic gene silencing (Naumann, Fischer et al. 2005). The 
SUVH5 protein has the weak HMTase activity and is involved in methylation of H3K9 
and CHROMOMETHYLTRANSFERASE3 (CMT3) - mediated non-CG methylation in 
vivo. A similar trend of hypermethylation in the coding region in the progeny of salt-
stressed plants was observed in the UBP26 gene. UBP26 and SUP32 catalyze H2B 
deubiquitination, and UBP26 is also required for heterochromatic histone H3 methylation 
and DNA methylation (Sridhar, Kapoor et al. 2007). The gene encoding a Polycomb 
repressive complex 2 (PRC2) subunit, CURLY LEAF (CLF), a histone-lysine N-
methyltransferase, was also hypermethylated. A decrease in the CLF activity results in 
early flowering (Doyle and Amasino 2009).Intriguingly, genes that are involved in the 
transcriptional and posttranscriptional regulation of gene expression are also affected by 
stress conditions. For example, ROS1, a repressor of transcriptional gene silencing, also 
showed high levels of hypermethylation in the promoter region in “25 mM” and “75 
mM” plants. The ROS1 gene encodes a DNA glycosylase that functions by demethylating 
the target promoter DNA and, as a result, protects genes from potentially deleterious 
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methylation (Ponferrada-Marin, Martinez-Macias et al. 2010). Additionally, high levels 
of hypermethylation in the coding regions were observed in genes that are involved in 
post-transcriptional regulatory events – DOUBLE STRANDED RNA - BINDING 
PROTEIN (DRB2) and ARABIDOPSIS PUMILIO (APUM3). Arabidopsis DRB2, 
possibly, cooperates with DCL1 in specific tissues to mediate the metabolism of a subset 
of miRNAs (Curtin, Watson et al. 2008). APUM3 belongs to the Puf family proteins that 
have important roles in controlling gene expression at the post-transcriptional level by 
promoting RNA decay and repressing translation. The Pumilio homology domain (PUM-
HD) is a conserved region within Puf proteins that binds with sequence specificity to the 
3' untranslated region (UTR) of target mRNAs. It was suggested that these proteins might 
be involved in a wide range of post-transcriptional regulatory events allowing plants to 
respond rapidly to changes of environmental conditions (Tam, Barrette-Ng et al. 2010). 
To confirm the methylation data obtained by MeDIP, we performed MeDIP-
qPCR analysis for promoter and gene body regions of SUVH5, SUVH6, MSH6, WRKY22, 
UBP26 and UVH3 homolog. We partially confirmed methylation changes in all of these 
genes (Figure 3.4.4).We noted that MeDIP-qPCR and MeDIP data were more similar for 
the progeny of 25 mM stress as compared to 75 mM. 
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Figure 3.4.4. Analysis of methylation at the promoter and gene body regions 
of SUVH2, SUVH6, WRKY22, MSH6, UBP26 and UVH3 homolog genes as measured 
by MeDIP-qPCR 
The Y-axis shows the methylation levels in average arbitrary units (calculated 
from two independent biological repeats and two technical repeats with SEM). The 
asterisks denote a significant difference between the progeny of stressed (25 and 75 mM) 
and control plants; one asterisk stands for p<0.05, two asterisks for p<0.01 and three for 
p<0.001 (Student’s t-test). 
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3.4.4. Changes in DNA methylation correlate with changes in histone 
modifications 
Being a part of the transcription regulation process, DNA methylation often 
correlates with specific histone modifications. Specifically, the promoter regions 
correlate with H3K9ac, whereas the transcribed regions correlate with H3K9me2 (Feng 
and Jacobsen 2011). We hypothesized that hypermethylated promoters in the progeny of 
stressed plants should have a lower level of H3K9ac and a higher level of H3K9me2. To 
test this hypothesis, we chose 12 genes from which 7 (SUVH5, SUVH6, SUVH8, ROS1, 
MOS6, WRKY22, MSH6) were hypermethylated at the promoter region, four genes 
(SUVH2, UBP26, DRB2, APUM3) were hypermethylated at the transcribed region, and 
one gene (UVH3 homolog) was hypomethylated at the promoter region of at least one of 
the progenies of stressed plants (exposed to 25 or 75 mM NaCl). To analyze histone 
modifications associated with specific genomic regions, we performed the chromatin 
immunoprecipitation assay using anti-H3K9ac and anti-H3K9me2 antibodies followed by 
the quantitative PCR (ChIP-qPCR) analysis using both promoter- and gene-specific 
primers (Table 3.3.1). In the majority of the cases, we indeed found that the 
hypermethylated promoters were associated with a decrease in the level of H3K9ac (r=-
0.6 on average, except for SUVH8 and WRKY22) and an increase in the level of 
H3K9me2 (r=0.6 on average) in the progeny of stressed plants (Figure 3.4.5-3.4.8). The 
transcribed regions of these genes were also associated with similar histone 
modifications; methylation at the promoter region correlated negatively with H3K9ac 
(r=-0.5 on average) and correlated positively with H3K9me2 (r=0.6). The SUVH2, 
UBP26, DRB2, APUM3 genes that were found to be hypermethylated at gene bodies 
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were also shown to have a lower level of H3K9ac and a higher level of H3K9me2 in both 
promoter and gene-body regions. The level of methylation correlated negatively with 
H3K9ac (r=-0.5 in promoter and gene-body regions) and correlated positively with 
H3K9me2 (r=0.7 and r=0.8 in promoter and gene-body regions, respectively). On the 
contrary, hypomethylation at the promoter region of a UVH3 homolog did not correlate 
with H3K9ac at the promoter or gene body region but negatively correlated with 
H3K9me2 at the gene body (r=-0.8) (Figure 3.4.6, 3.4.8). Additionally, we found a high 
degree of linear correlation (r=0.8 on average) between the accumulation of H3K9ac in 
the promoter and transcribed regions of analyzed genes. These experiments confirmed 
our hypothesis and showed a high degree of relationship between hypermethylation of the 
promoter or gene-body regions and the occurrence of repressive and permissive 
chromatin marks.   
Since we found a correlation between promoter methylation and the associated 
chromatin marks, we hypothesized that the expression of these genes would also change 
in the progeny of stressed plants. The qPCR analysis indeed confirmed that in all cases, 
except for WRKY22, the genes hypermethylated at the promoter regions had lower levels 
of gene expression in the progeny of stressed plants (Figure 3.4.5-3.4.8). The UVH3-like 
gene hypomethylated at the promoter region in the progeny of plants exposed to 25 mM 
NaCl showed a higher level of mRNA. The correlation analysis between levels of 
specific histone modifications and mRNA expression showed a positive correlation 
between H3K9ac and mRNA levels (r=0.6 and r=0.7 on average for the promoter and 
gene-body regions, respectively) and a negative correlation between the levels of 
97 
 
H3K9me2 and mRNA (r=-0.7 and r=-0.5 on average for the promoter and gene-body 
regions, respectively). 
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Figure 3.4.5. Histone modifications (H3K9me2 and H3K9ac) at the promoter 
regions of SUVH2, SUVH5, SUVH6, SUVH8, ROS1 and DRB2 genes 
The figure shows the levels of H3K9me2 and H3K9ac observed at the promoter 
region of SUVH2, SUVH5, SUVH6, SUVH8, ROS1 and DRB2 genes. Each figure also 
shows mRNA levels for each of the genes. The Y-axis shows the levels of mRNA 
expression and H3K9me2/H3K9ac in average arbitrary units (calculated from three 
independent experiments with SD). The asterisks denote a significant difference between 
the progeny of stressed (25 and 75 mM) and control plants; one asterisk stands for p<0.05 
and two asterisks for p<0.01. 
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Figure 3.4.6. Histone modifications (H3K9me2 and H3K9ac) at the promoter 
regions of WRKY22, MSH6, UHV3 homolog, MOS6, APUM3 and UBP26 genes 
The figure shows the levels of H3K9me2 and H3K9ac found at the promoter 
region of WRKY22, MSH6, UVH3 homolog, MOS6, APUM3 and UBP26 genes. Each 
figure also shows mRNA levels for each of the genes. The Y-axis shows the levels of 
mRNA expression and H3K9me2/H3K9ac in average arbitrary units (calculated from 
three independent experiments with SD). The asterisks denote a significant difference 
between the progeny of stressed (25 and 75 mM) and control plants; one asterisk stands 
for p<0.05 and two asterisks for p<0.01. 
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Figure 3.4.7. Histone modifications (H3K9me2 and H3K9ac) at the gene body 
regions of SUVH2, SUVH5, SUVH6 and DRB2 genes in the progeny of stressed 
plants 
The figure shows the levels of H3K9me2 and H3K9ac found at the gene body 
regions of SUVH2, SUVH5, SUVH6 and DRB2 genes. Each figure also shows mRNA 
levels for each of the genes. The Y-axis shows the levels of mRNA expression and 
H3K9me2/H3K9ac in average arbitrary units (calculated from three independent 
experiments with SD). The asterisks denote a significant difference between the progeny 
of stressed (25 and 75 mM) and control plants; one asterisk stands for p<0.05 and two 
asterisks for p<0.01. 
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Figure 3.4.8. Histone modifications (H3K9me2 and H3K9ac) at the gene body 
regions of UBP26, WRKY22, MSH6, UHV3 homolog and APUM3 genes 
The figure shows the levels H3K9me2 and H3K9ac observed at the gene body 
regions of WRKY22, MSH6, UVH3 homolog, MOS6, APUM3 and UBP26 genes. Each 
figure also shows mRNA levels for each of the genes. The Y-axis shows the levels of 
mRNA expression and H3K9me2/H3K9ac in average arbitrary units (calculated from 
three independent experiments with SD). The asterisks denote a significant difference 
between the progeny of stressed (25 and 75 mM) and control plants; one asterisk stands 
for p<0.05 and two asterisks for p<0.01. 
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Table 3.4.6. Methylation in genes encoding proteins involved in siRNA 
biogenesis 
Gene number Gene name Methylation 
AT3G03300 DCL2 equally methylated 
AT3G20550 DDL slightly hypermethylated in 25 and 75 mM 
AT3G43920 DCL3 equally methylated 
AT2G32940 AGO6 slightly hypermethylated in 25 and 75 mM 
AT3G23780 DRD2 (NRPD2) slightly hypermethylated in 25 mM 
AT2G40030   DRD3 equally methylated 
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3.5. DISCUSSION 
Plants exposed to stress may pass the information about it as a dominant trait on 
to successive generations (Boyko, Blevins et al. 2010). Consequently, it can lead to an 
increased stress tolerance known as hardening phenomenon (Boyko and Kovalchuk 
2011). Such transgenerational adaptation to stress may depend on a number of epigenetic 
marks that mediate heritable changes in DNA methylation and chromatin structure. The 
dynamic modifications of the chromatin structure are essential for the correct regulation 
of vital nuclear processes such as DNA transcription, replication, repair, and 
recombination (Mathieu, Reinders et al. 2007). 
  
3.5.1. Exposure to stress results in changes in DNA methylation in the 
progeny 
Somatic tissues of stressed plants may respond to stress with either a decrease or 
an increase in DNA methylation, depending on the genomic locus. It appears, however, 
that demethylation leading to the activation of gene expression is a more common 
immediate response to stress.  In tobacco, the accumulation of several abiotic and biotic 
stress-induced transcripts was associated with an active demethylation process at given 
loci (Wada, Ohya et al. 2003, Choi and Sano 2007). Hemp and clover plants subjected to 
heavy metal stress also exhibited hypomethylation at several marker loci (Panella, Aina 
et al. 2004). Exposure to cold stress triggered demethylation in the DNA of the 
nucleosome core of the ZmMI1 gene in root tissues of maize seedlings (Steward, Ito et al. 
2002). Treatment with cold, salt and aluminum stress induced demethylation of the 
NtGPDL gene leading to higher tolerance to stress (Choi and Sano 2007). Similarly, 
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infection of Arabidopsis plants with Pseudomonas syringae (Pavet, Quintero et al. 2006) 
as well as infection of tomato plants with a virus (Mason, Caciagli et al. 2008) triggered 
DNA hypomethylation at centromeric repeats and in several genomic regions involved in 
defence and stress responses, respectively. At the same time, M. crystallinum plants 
exposed to high salinity conditions showed a two-fold increase in CNG methylation 
(Dyachenko, Zakharchenko et al. 2006). Similarly, an age-dependent increase in 
methylation was sufficient to mediate resistance to the blight pathogen X. oryzae in rice 
(Sha, Lin et al. 2005). 
The information about methylation changes in the progeny of stressed plants is 
scarce. Verhoeven et al. (2010) demonstrated that methylation changes in a population of 
apomictic dandelion observed upon exposure to abiotic and biotic stresses was faithfully 
transmitted to the progeny (Verhoeven, Jansen et al. 2010). It was not possible, however, 
to deduce whether these changes were an increase or a decrease in methylation. 
Previously, we showed that the progeny of Arabidopsis plants exposed to different biotic 
(Kathiria, Sidler et al. 2010) and abiotic (Boyko, Blevins et al. 2010, Boyko, Golubov et 
al. 2010) stressors exhibited the higher frequency of homologous recombination, elevated 
tolerance to stress, and increased global DNA methylation.  
Taking into consideration the abovementioned information, it can be hypothesized 
that a common response of plants to stress is demethylation of specific genomic regions 
followed by hypermethylation of the genome in the progeny (Boyko and Kovalchuk 
2011). 
Our analysis of methylation at the gene body showed that the 5' and 3' ends of the 
genes had a substantially lower level of methylation as compared to the central part of the 
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gene. A similar distribution of methylation was also observed before. Although Cocus et 
al. (2008) (Cokus, Feng et al. 2008) found a 5- to 8-fold difference and Lister et al. 
(2008) (Lister, O'Malley et al. 2008) observed an ~ 10-fold difference between 
methylation levels in the central part of the gene and at either the 5' and 3' ends of the 
gene, we found a 25-fold difference in this ratio. In our work, the increase in methylation 
at the transcribed regions in the progeny of stressed plants was much greater at the 5' and 
3' ends of the gene rather than at the central part of the gene. It is not clear how 
methylation at the 5' or 3' end of the gene correlates with gene expression, but it can be 
hypothesized that increased methylation at these regions of the gene would negatively 
impact  gene expression. 
Another interesting result of our studies was the difference in methylation levels 
between exons and introns. We found that the level of methylation in exons was higher 
than that in introns. At the same time, the progeny of stressed plants had a higher increase 
in methylation in exons than in introns. As it is suggested by Feng and Jacobsen (2011), it 
is not clear what the role of methylation at gene bodies is since the expression of most of 
the genes does not change with a decrease in methylation at the gene body observed in 
mutants impaired in DNA methylation (Feng and Jacobsen 2011). It is proposed that 
methylation may regulate exon definition or/and splicing controlling the production of 
alternative transcripts (Feng and Jacobsen 2011). We hypothesize that an increase in 
methylation in exons in the progeny of stressed plants may control transcription, splicing 
or perhaps, the potential rearrangements, thus preventing reshuffling of exons. It remains 
to be shown whether the number of alternative transcripts and their frequency of 
occurrence decrease in the progeny of stressed plants. However, it should be noted that in 
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our experiments, we used C24 plants and the analysis of methylation was performed on 
microarrays that are based on DNA sequences from the Columbia ecotype, therefore, 
some of the changes in methylation may have either been over- or under-represented. 
 
3.5.2. Changes in DNA methylation in the progeny of stressed plants 
correlate with changes in histone modifications 
Changing DNA methylation is not the only way to epigenetically control gene 
expression in response to stress. It was recently demonstrated that activation of repetitive 
elements in heat-stressed Arabidopsis plants occurs without loss of DNA methylation but 
rather due to heterochromatin decondensation and nucleosome loss (Pecinka, Dinh et al. 
2010). Changes in histone modifications were shown to be solely responsible for 
reactivation of silenced transgenes; exposure to several different abiotic stresses resulted 
in a release of transgene silencing without loss of DNA methylation via altering histone 
occupancy and inducing histone H3 acetylation (Lang-Mladek, Popova et al. 2010).  
The level of DNA methylation frequently affects gene expression together with 
changes in histone code (Zaratiegui, Irvine et al. 2007). For instance, dimethylation of 
lysine 9 and lysine 27 of histone H3 (H3K9me2, H3K27me2) in plants (Iizuka and Smith 
2003) together with hypermethylation of DNA are linked to the transcriptional 
repression, while dimethylation of lysine 4 and/or acetylation of lysine 9 of histone H3 
(H3K4me2, H3K9ac) and hypomethylation of DNA of the promoter region are associated 
with an active gene. We attempted to find out whether changes in DNA methylation in 
the progeny of stressed plants are also paralleled by changes in histone modifications. 
Using the chromatin immunoprecipitation method (ChIP), we found a positive correlation 
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between the level of DNA methylation and the occurrence of the repressive chromatin 
H3K9me2 mark in the progenies of stressed plants. Additionally, a high level of 
H3K9me2 at a chosen DNA locus was paralleled by a decreased level of H3K9ac and 
gene expression. Until now, no data on changes in the level of H3K9ac or H3K9me2 in 
the progeny of stressed plants exist, however, changes in H3K9 modifications in stressed 
somatic tissues are well documented. Exposure to drought resulted in an increase in 
histone acetylation in the promoters of stress-induced genes (Kim, To et al. 2008). Also, 
exposure to UV-B triggered increase in histone acetylation in Arabidopsis plants and 
wheat (Casati, Campi et al. 2008, Cloix and Jenkins 2008). Similarly, Lang-Mladek 
(2010) showed that temperature and UV-B resulted in histone acetylation of a silent 
reporter gene (Lang-Mladek, Popova et al. 2010). Unfortunately, no information on 
changes in the progeny of these plants was provided. 
H3K9 methylation in Arabidopsis plants is maintained by SET-domain proteins, 
including KRYPTONITE/SUVH4 (KYP/SUVH4), SUVH5, SUVH6 and SUVH2 
(Jackson, Johnson et al. 2004, Vaillant and Paszkowski 2007). The kyp mutations cause a 
decrease in H3K9 methylation, loss of CNG DNA methylation, and reduced gene 
silencing (Jackson, Johnson et al. 2004). A similar correlation between DNA and histone 
methylation was shown in studies of Neurospora crassa (Tamaru and Selker 2001), 
further suggesting that H3K9 methylation is tightly linked to DNA methylation in 
different species.  
In our studies, the Arabidopsis SU(VAR)3-9 homologs, namely SUVH5, SUVH6, 
SUVH8, were hypermethylated in the promoter regions and SUVH2 - in the coding 
regions in the progenies of salt-stressed plants. The expression analysis showed a 
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decrease in the level of mRNA in these genes regardless of the fact that methylation 
changes were observed either in the promoters or gene bodies. It is possible that 
hypermethylation of these homologs may represent a protective mechanism against 
hypermethylation of the genome in the progeny of stressed plants. Recently, it was shown 
that suvh2 mutant as well as mutants impaired in siRNA biogenesis exhibited increased 
rate of ONSEN activation when exposed to heat stress (Ito, Gaubert et al. 2011). Thus, 
decrease in the expression of SU(VAR)3-9 homologs may contribute to transposon 
activation.  
Several other genes involved in either DNA repair or chromatin modifications 
showed altered methylation in the progeny of stressed plants, including UBP26, MSH6 
and ROS1. UBP26 protein facilitates heterochromatin formation by removing ubiquitin 
modifications of histone H2B; therefore, it is vital for endosperm development and 
flowering (Sridhar, Kapoor et al. 2007). It can also be hypothesized that 
hypermethylation of UBP26 with the decrease of its expression levels may lead to local 
euchromatization events. Being part of the MutSα heterodimer complex, a mismatch 
repair protein, MSH6, together with MSH2 are involved in the initial recognition of DNA 
errors (Lario, Ramirez-Parra et al. 2011). Our analysis showed an inverse correlation 
between the level of repressive chromatin marks and expression of the MSH6 gene. 
Reduced expression of mismatch repair genes followed by lower levels of mismatch 
repair activities may result in a higher frequency of point mutations and, possibly, other 
genomic rearrangements in the progeny of stressed plants. Indeed, that is exactly what 
was observed in the progeny of plants exposed to various stresses (Boyko and Kovalchuk 
2010, Kathiria, Sidler et al. 2010, Yao and Kovalchuk 2011).  
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ROS1 gene encodes a member of the DEMETER (DME) family of DNA 
glycosylases that catalyzes the excision of methylated cytosines, thereby antagonizing the 
activity of DNA methyltransferases (Vaillant and Paszkowski 2007, Ponferrada-Marin, 
Martinez-Macias et al. 2010). The ChIP and qRTPCR analysis of this gene showed 
enrichment of the repressive chromatin mark H3K9me2 in both the promoter and coding 
regions paralleled by a slight depletion of mRNA levels and a decrease in the permissive 
chromatin mark H3K9ac. The decrease in ROS1 expression may result in a lower ability 
of repairing DNA as well as removing methylated cytosines.Loss of the ROS1 gene 
induces hypermethylation of cytosine residues within plant-specific CNG sequences 
(Tariq and Paszkowski 2004) and transcriptional silencing of transgenes, endogenous 
genes, and transposon sequences (Agius, Kapoor et al. 2006). These results are consistent 
with our data which show an increase in methylation of transposons in the progeny of 
salt-stressed plants (Boyko, Blevins et al. 2010). 
The exact reason for ROS1 transcriptional repression in the progeny of stressed 
plants is unknown. Possibly, in order to avoid demethylation of hypermethylated loci, the 
ROS1 gene is partially silenced by the repressive chromatin marks. This effect can be 
related to the ROS1-mediated compensatory mechanism that has been shown to exist 
between the PolIV/RDR2/DCL3/AGO4 pathway and ROS1 gene expression. This 
pathway is responsible for RNA – dependent DNA methylation (RdDM) in Arabidopsis 
and is required for de novo DNA methylation by the methyltransferase DOMAINS 
REARRANGED METHYLTRANSFERASE2 (DRM2) as well as for the maintenance of 
non-CG methylation by CMT3. It was observed that in rdr2 and drm2 mutant plants, 
genes that are normally demethylated by ROS1 accumulated CG and non-CG 
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methylation. The authors speculated that DNA hypermethylation was due to the ROS1 
down-regulation occurred in these mutants (Agius, Kapoor et al. 2006). Also, SUVH5 
was suggested as a possible candidate that could mediate non-CG DNA methylation 
through CMT3 activity (Ebbs and Bender 2006). Therefore, silencing of the members of 
the HMTase family can possibly mediate down-regulation of ROS1 expression through 
the PolIV/RDR2/DCL3/AGO4 pathway. The fact that we observed reduced expression of 
HMTases and ROS1, in part, supports this hypothesis. The future analysis of the 
chromatin marks of the ROS1- target loci in the suvh mutants may reveal a possible link 
between HMTases and DME proteins.  
The exact mechanism of hypermethylation of specific genomic loci coding for 
chromatin modifiers in the progeny of stressed plants is still unknown (Saze 2008). 
Exposure to stress may result in the accumulation of specific siRNAs triggering de novo 
RdDM at non-CG sites in addition to programmed changes in methylation at symmetrical 
cytosines (Teixeira, Heredia et al. 2009). Thus, one of the possible directions that need to 
be explored to clarify the inheritance of epigenetic marks in stressed plants is RNA-
dependent DNA methylation. Of note is the fact that the analysis of methylation among 
genes involved in small RNA biogenesis showed that DCL2, DCL3 and DRD3 were 
equally methylated in the progeny of control and stressed plants, whereas DRD2, DDL, 
AGO6 were slightly hypermethylated in the progeny of stressed plants (Table 3.4.6). The 
future analysis of the global small RNA profiles with relation to potential genome targets 
for methylation and histone modifications in the progeny of stressed plants will allow 
better understanding of the mechanism of epigenetic transgenerational memory.  
 
111 
 
 
 
 
 
 
 
 
 
 
4. THE ELUCIDATION OF STRESS MEMORY INHERITANCE 
THROUGH EPIGENOME ALTERATIONS IN BRASSICA RAPA PLANTS 
 
 
 
 
 
 
 
 
 
 
 
 
112 
 
4.1. ABSTRACT 
Plants are able to maintain the memory of stress exposure throughout their 
ontogenesis and faithfully propagate it into the next generation. This eclectic idea 
manifests itself in the reports of our lab and numerous other labs demonstrating the 
mitotic and meiotic transition of altered traits acquired by plants after stress treatment. 
Recent evidence argues for the epigenetic nature of this phenomenon. Superimposed on 
the DNA sequence, epigenetic factors have the potential to provide dexterity and 
plasticity in terms of modulating gene expression and response to the environmental 
signals. Small RNAs (smRNAs) are considered to be one of the most vital epigenetic 
factors since they both can affect gene expression at the place of their generation as well 
as maintain non-cell-autonomous DNA methylation. Their versatile nature make 
smRNAs ideal candidates for messengers of transgenerational epigenetic inheritance, 
which molecular mechanism is yet to be discovered. In the current study, we made an 
attempt to decipher the contribution of smRNAs to heat-shock-induced transgenerational 
inheritance in Brassica rapa plants using a massive parallel sequencing technology. To 
do this, we generated comprehensive profiles of a transcriptome and small RNAome 
(smRNAome) from somatic and reproductive tissues of stressed plants and their 
untreated progeny. We demonstrate that the highest tissue-specific alterations in the 
transcriptome and smRNAome profile were detected in tissues that were not directly 
exposed to stress, namely, in the endosperm and pollen. Importantly, for the first time, we 
revealed that the progeny of stressed plants exhibited the highest fluctuations at the 
smRNAome level, but not at the transcriptome level. Additionally, we uncovered the 
existence of transgenerationally transmitted and heat-inducible tRNA-derived small RNA 
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fragments in plants. Finally, we suggest that miR168 and braAGO1 are involved in 
stress-induced transgenerational inheritance in plants. 
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4.2. INTRODUCTION 
Plants constantly interact with environmental factors that can either benefit or 
jeopardize their homeostasis, depending on the intensity and nature of factors 
encountered. Significant environmental perturbations that exceed the optimum range of 
plant development can cause stress and trigger the onset of gene expression changes in 
plants. Stress-induced alterations in the transcriptome profile have been shown to be both 
stress- and tissue-specific, although the general stress response (GSR) that has been 
extensively studied in yeast and animals is also present in plants (Kreps, Wu et al. 2002, 
Kultz 2005, Dinneny, Long et al. 2008, Walley and Dehesh 2010, Iyer-Pascuzzi, Jackson 
et al. 2011). Previously, we demonstrated that the progeny of plants exposed to salt stress 
and Tobacco mosaic virus (TMV) exhibit a higher tolerance not only to the same stressor 
but also to methyl methane sulfonate, a genotoxic agent that induces DNA methylation, 
as compared to control progeny (Boyko, Blevins et al. 2010, Kathiria, Sidler et al. 2010). 
Hence, although plants may trigger immediate specific gene expression changes to cope 
with a particular stressor, transgenerational inheritance and responses to stress seem to 
involve non-specific priming of stress-responsive genes. Distinct epigenetic mediators of 
multigenerational inheritance of stress memory have been recently identified in two 
animal models – Drosophila (Seong, Li et al. 2011) and C. elegans (Buckley, Burkhart et 
al. 2012), which makes it tempting to argue for the existence of similar transgenerational 
mediators in plants.  
Plants belonging to the genus Brassica are predominantly annual cool-season 
economically important crops whose cultivation is acutely affected by elevated 
temperatures and drought (Hall 2001, Yu, Wang et al. 2012). Heat shock (HS) stress can 
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severely influence reproductive tissues of plants that contribute to poor seed set yield 
(Zinn, Tunc-Ozdemir et al. 2010). On the other hand, the pre-treatment of plants under 
moderate HS conditions can protect them from an acute heat stress and provide a better 
stress tolerance, a phenomenon known as induced or acquired thermotolerance (Gurley 
2000). The expression of heat-shock proteins regulated by heat stress transcription factors 
is believed to mediate the heat stress response and acquired thermotolerance in plants 
(Kotak, Larkindale et al. 2007, Yu, Wang et al. 2012). Curiously, the acclimation to 
abiotic factors and induced resistance to pathogens (Van Loon 1997) can be propagated 
into the next generation, a phenomenon known as transgenerational acquired tolerance 
(Boyko, Blevins et al. 2010, Holeski, Jander et al. 2012). Given the practical value of 
such response for its implementation in plant biotechnology and agriculture, there has 
been a remarkable interest in unraveling pathways involved in transgenerational acquired 
tolerance. Currently, two different mechanisms are proposed to account for the 
aforementioned phenomenon: maternal effects on seed size (Agrawal 2001) and 
epigenetic alterations that allow a vertical propagation of acquired traits without changing 
the underlying genomic DNA sequence (Jablonka and Raz 2009). Whereas the former 
mechanism has little support from multigenerational stress experiments on plants, the 
evidence favouring the second mechanism has been provided at the molecular level 
(Jablonka and Raz 2009, Boyko, Blevins et al. 2010, Bilichak, Ilnystkyy et al. 2012, 
Luna, Bruce et al. 2012, Rasmann, De Vos et al. 2012, Slaughter, Daniel et al. 2012).  
Heritable fluctuations in DNA methylation, chromatin composition and smRNA 
metabolism are among the primary causes of transgenerational epigenetic inheritance 
(Holeski, Jander et al. 2012). Being reversible in their nature, acquired components of the 
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epigenetic machinery are usually prone to significant alterations during sexual plant 
development. In angiosperms, epigenetic factors have to survive the multifaceted process 
of gametogenesis and early embryogenesis that encompasses a significant restructuring of 
both cells and chromatin (Ibarra, Feng et al. 2012). Although methylation at CpG 
sequences found in vegetative cells is largely retained in sperm cells, embryo and 
conceivably in egg cell, methylation at asymmetric CpHpH  (where H = A, C, or T) 
sequences is largely lost as compared to vegetative cells (Gehring, Bubb et al. 2009, 
Hsieh, Ibarra et al. 2009, Ibarra, Feng et al. 2012, Jullien, Susaki et al. 2012). Curiously, 
in all three cases – in sperm, egg cell and embryo, asymmetric DNA methylation is 
proposed to be restored through the RNA-dependent DNA methylation (RdDM) pathway 
guided by smRNAs generated by companion cells or tissues that do not contribute 
genetic material to the progeny. In turn, smRNAs have been shown to be vital 
environmental sensors, the expression of which is acutely affected by abiotic and biotic 
stressors (Khraiwesh, Zhu et al. 2012). Therefore, we hypothesized that perturbations in 
the expression of smRNAs caused by environmental fluctuations would eventually be 
imprinted in DNA methylation and transcriptome patterns in gametes and progeny. 
In the current study, we used plants of the rapid-cycling Brassica rapa (B. rapa) 
cultivar R-o-18 which has the following advantages over other crop plant models: (i) a 
rapid life cycle; (ii) being self-fertile; (iii) the smallest genome size in the Brassica genus; 
(iv) the relatively close relationship to the model plant species, Arabidopsis thaliana; (v) 
the genome of the B. rapa accession Chiifu-401-42, a Chinese cabbage, has recently been 
sequenced and partially annotated and is now publically available (Wang, Wang et al. 
2011, Bagheri, El-Soda et al. 2012). 
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In order to reveal the contribution of smRNAs to epigenetic transgenerational 
inheritance, plants were selectively exposed to temperature stress during the vegetative 
stage of plant ontogenesis followed by collecting somatic and reproductive tissues from 
control and exposed plants. To track the propagation of epigenetic memory into the 
following generation, seeds from control and stressed plants were germinated, and leaves 
from the progeny of stressed plants were collected. Subsequently, using the Illimina 
GAIIx sequencing technology, the genome-wide transcriptome and smRNAome profiles 
of the following tissues were generated and inter-compared: parental leaves, 
inflorescence meristem, pollen, unfertilized ovules, ovules at 24 hours post-fertilization, 
embryo, endosperm and leaf tissues of progeny plants. Transcriptome and smRNAome 
analysis enabled us to take a high-resolution snapshot of the status of reproductive and 
somatic tissues under normal conditions and after HS, which revealed the unknown 
before singularities in a tissue-specific response to stress in B. rapa plants. Additionally, 
for the first time, we have provided evidence that the most pronounced transgenerational 
stress-induced fluctuations occur at the smRNAome but not at the transcriptome level in 
plants. Finally, we suggest that miR168 and braAGO1 are potential regulators of stress-
induced epigenetic inheritance in plants.  
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4.3. MATERIALS AND METHODS 
4.3.1. Plant cultivation 
In the current work, R-o-18 a rapid-cycling self-compatible inbred line of 
Brassica rapa var. trilocularis (Roxb.) Hanelt (yellow sarson) was used (Williams and 
Hill 1986). Seeds were originally obtained from Dr. Joan E. Krochko, the NRC Plant 
Biotechnology Institute (Saskatoon, Saskatchewan, Canada). 
 
4.3.1.1. Growing B. rapa plants for heat stress experiments and tissue 
harvesting 
Seeds obtained from a single unstressed plant were germinated on All purpose 
potting soil (Plant Etc; Lethbridge, AB, Canada) mixed in the proportion 4:1 with 
vermiculite (The Professional Gardener Co LTD, AB, Canada) in 4x4 inch square pots. 
The soil mixture was pre-soaked once with Miracle-Gro fertilizer (Scotts Canada Ltd., 
Mississauga, ON, Canada) and was maintained constantly moist with tap water. Rapid-
cycling B. rapa parental plants (30 plants per group) and their progeny were cultivated in 
biochambers (BiofootTM, model GC-20, Winnipeg, MB, Canada) under continuous high-
intensity cold light illumination (200 µmol m-2 s-1) provided by fluorescent lamps and a 
60 % relative humidity at 22°C as described previously (Daugherty and Musgrave 1994, 
Tel-Zur and Goldman 2007). The cultivation of plants under constant light did not affect 
their phenotypic appearance as compared to plants grown under a long-day photoperiod 
(16 h day, 8 h night). Two weeks post germination, before the appearance of apical 
inflorescence shoots, plants for the treated group were exposed to 42°C for 3h per day for 
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7 days in a row (Figure 4.3.1). Subsequently, plants from both control and treated groups 
and their progeny were grown in continuous light at 22°C. 
In order to monitor the development of stress memory and follow its transmission 
to germ cells, 17 days after heat-shock treatment, leaves and up to 1 cm of the 
inflorescence meristem dissected from flower buds of control and stressed plants were 
harvested.  
To follow the occurrence of epigenetic marks in reproductive tissues, pollen and 
unfertilized and fertilized ovules from both groups were harvested separately. The 
inflorescences were covered with plastic bags to prevent cross-pollination between 
treatment groups. Pollen from control and heat-shock treated plants was harvested 
separately using a vacuum manifold method (Johnson-Brousseau and McCormick 2004).  
The unfertilized ovules containing mature embryo sacs were synchronized 
developmentally by emasculating flowers at stage 13 (Smyth, Bowman et al. 1990). 
Twenty four hours later, the ovules were collected from hand-dissected pistils (Le, Cheng 
et al. 2010). The fertilized ovules containing zygotes were harvested from siliques 24 
hours after hand pollination of emasculated flowers (Le, Cheng et al. 2010). Finally, 
mature-green embryos and endosperms were dissected from seed coat and harvested 
separately.  
In order to track the transmission of epigenetic marks to the next unstressed 
generation, the control and treated plants were propagated, and tissue samples from two-
week-old seedlings were harvested. Each developmental stage was represented by two 
biological replicates that were harvested independently.  
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Figure 4.3.1. Experimental setup 
Two groups were obtained for the experiment – “Control” and “Heat shock”. 
Thirty B. rapa plants per group were used, and every tissue was harvested in duplicates. 
Dpg – days post germination. F0 – parental plants, F1 - progeny 
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4.3.2. Molecular techniques and methods used in this study 
4.3.2.1. Total RNA isolation and purification 
All tissue samples harvested from control and treated plants were subjected to 
total RNA isolation using the Trizol reagent (Invitrogen, Carlsbad, CA) according to the 
manufacturer’s protocol. Two independent RNA samples per every tissue were prepared. 
Total RNA was further purified and concentrated using the RNA Clean-Up and 
Concentration Kit (Norgen Biotek Corp., Ontario, Canada).  
The quality and concentration of every sample were quantified using the 
NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific Inc.) and the absorption 
ratios at 260/280 and 260/230 nm wavelengths. Agarose gel electrophoresis was 
performed to verify RNA sample integrity.  
 
4.3.2.2. mRNA deep sequencing  
The mRNA libraries were prepared from 16 samples of total RNA in 2 biological 
replicates according to the TruSeq RNA sample Prep v2 LS protocol (Illumina, San 
Diego, CA, U.S.A.). Briefly, mRNA was purified from the total RNA samples using 
poly-T oligo-attached magnetic beads followed by mRNA fragmentation, first and 
second strand cDNA synthesis. Later, the overhangs resulting from the fragmentation of 
double-stranded (ds) cDNA were repaired to form blunt ends. A single ‘A’ nucleotide 
was added to the 3΄ ends of the blunt fragments to prevent them from ligating to one 
another during the adapter ligation reaction. Multiple indexing adapters were ligated to 
the ends of ds cDNA to prepare them for hybridization onto a flow cell followed by a 
PCR amplification step. The libraries were quantified using the qPCR technique and 
122 
 
analyzed on a Bioanalyzer 2100 (Agilent Technologies) using a DNA specific chip. 
Subsequently, the libraries were normalized and pooled together followed by flow-cell 
cluster generation using a cBot fully automated clonal cluster generation system for 
Illumina sequencing. 
Single end multiplexed sequencing was done using the Illumina GAIIx platform 
with the total of 100 cycles. 
 
4.3.2.3. Deep sequencing of small non-coding RNAs  
Small non-coding RNA libraries were generated from 16 samples of total RNA in 
2 biological replicates using the TruSeq small RNA library construction kit according to 
the manufacturer’s protocol (Illumina, San Diego, CA, U.S.A.). Briefly, the 3΄ and 5΄ 
adapters were ligated to small RNAs from the total RNA sample followed by reverse-
transcription PCR amplification. PCR was performed with two primers that anneal to the 
ends of adapters and contain indexes. Subsequently, the libraries with unique indexes 
were pooled together, the cDNA was gel-purified using a TBE PAGE gel and then 
concentrated by ethanol. Following a successful library quality control by qPCR, flow 
cell cluster generation was performed using a cBot.  
Single end multiplexed sequencing was done using the Illumina GAIIx platform 
with the total of 36 cycles. 
 
4.3.2.4. Northern blot analysis of small non-coding RNAs  
Confirmation of small RNA sequencing data was performed using a non-
radioactive northern blot method as described previously (Kim, Li et al. 2010). Briefly, 3 
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ug of total RNA was separated on a 15% urea PAGE (National diagnostics, USA), 
transferred to a positively charged nylon membrane (Roche). The pre-hybridization was 
performed with ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion) at 37 °C for at 
least 30 min in hybridization oven followed by hybridization step with the DIG-labeled 
probe in ULTRAhyb Ultrasensitive Hybridization Buffer at 37 °C overnight with slow 
rotation. The DIG-labeled miR168 probe - AB492 (Table 4.3.1) was synthesized by 
Eurofins MWG Operon (Huntsville, AL, USA). Subsequently, the membrane was 
washed and incubated with Anti-Digoxigenin-AP Fab fragments (Roche) followed by 
detection using CDP-Star (Roche). The membrane was photographed using the 
FluorChem HD2 MultiImageTM Light Cabinet (Cell Biosciences Pty Ltd, Heidelberg, 
Australia), and the bands were quantified using the Image J program (NIH, 
http://rsbweb.nih.gov/ij/). 
 
4.3.2.5. cDNA synthesis and qPCR gene expression analysis 
To confirm the results of transcriptome sequencing, 500 ng of total RNA from 
every tissue in 2 biological replicates was DNase I treated, purified, converted into cDNA 
and quantified with qPCR as previously described (see Section 3.3.5. Real-Time qPCR 
Analysis). Gene expression was confirmed for four differentially expressed genes in the 
progeny: Bra029235, Bra031065, Bra029719, Bra040903 and Bra032254 (AtAGO1 
homolog). The normalization was done against four B. rapa housekeeping genes: 
GAPDH, TUBULIN, EF1α and UBC (Qi, Yu et al. 2010). For primer sequences see Table 
4.3.1. 
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Statistical significance between treatment groups was evaluated using the two-
tailed paired Student’s t-test (α=0.05) and performed using JMP 10.0 software (SAS 
Institute Inc).   
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Table 4.3.1. Primers and probes used in this study 
Primer/Probe 
Name 
Sequence Description 
AB492 5΄-DigN-TCCCGACCTGCACCAAGCGA-DigN-3΄ 
DIG labelled probe for 
northern blot detection of 
miR168 
AB445 5΄-TTGGAATTGTCGAGGGACTC-3΄ 
Forward qPCR primer – 
braGAPDH-AF536826 
AB446 5΄-GAGCTGTGGAAGCACCTTTC-3΄ 
Reverse qPCR primer – 
braGAPDH-AF536826 
AB447 5΄-CTCGATGGCCTCAACCTTTA-3΄ 
Forward qPCR primer – 
braTUBULINE - D78496 
AB448 5΄-ATGTTGCTCTCGGCTTCTGT-3΄ 
Reverse qPCR primer – 
braTUBULINE - D78496 
AB449 5΄-GAGCATACCGGTCTCCACAC-3΄ 
Forward qPCR primer – 
braEF1a - GO479260 
AB450 5΄-AAAGAGGCCATCAGACAAGC-3΄ 
Reverse qPCR primer – 
braEF1a - GO479260 
AB451 5΄-TAACTGCGACTCAGGGAATCTT-3΄ 
Forward qPCR primer – 
braUBC - GO479262 
AB452 5΄-TCATCCTTTCTTAGGCATAGCG-3΄ 
Reverse qPCR primer – 
braUBC - GO479262 
AB493 5΄-TCATGATTCTGGGAGGGAAG-3΄ 
Forward qPCR primer – 
braAGO1 - Bra032254 
AB494 5΄-TGGCACATCTGAGCAAGTTC-3΄ 
Reverse qPCR primer – 
braAGO1 - Bra032254 
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4.3.3. Bioinformatic treatment of deep sequencing data 
4.3.3.1. mRNA deep sequencing data analysis 
Base calling and demultiplexing of transcriptome sequencing reads were 
performed using the Consensus Assessment of Sequence and Variance (CASAVA) v 1.6 
and Novobarcode software (http://www.novocraft.com/). FastQC v 0.10.1 software was 
used for the preliminary quality check. In the following step, the reads were mapped to 
the genome, and de novo splice site prediction was performed using TopHat v 2.0.4 beta 
software (Trapnell, Pachter et al. 2009). De novo predicted splice-sites obtained were 
used to perform transcript assembly for each sample separately using Cufflinks v 2.0.2 
(Trapnell, Williams et al. 2010). The assemblies were merged using a cuffmerge tool in 
Cufflinks software with the reference file containing B. rapa predicted genes (Wang, 
Wang et al. 2011, Trapnell, Roberts et al. 2012). The aim of this analysis was to compare 
our de novo assembly with the transcriptome that was previously in silico predicted 
(Wang, Wang et al. 2011). 
The merged transcript assembly was used to assess differentially expressed 
features between treatments with a cuffdiff tool in Cufflinks software (Trapnell, Roberts 
et al. 2012). The q-value Benjamini-Hochberg method (Benjamini and Hochberg 1995) 
below 0.05 was considered as a significant difference of gene expression between 
treatment groups. 
 
4.3.3.2. Deep sequencing data analysis of small non-coding RNAs 
Base calling and demultiplexing of sequencing reads generated by the Illumina 
GAIIx platform was performed using the CASAVA v 1.8.1. software 
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(http://support.illumina.com/downloads/casava_181.ilmn). Then, the sequencing reads 
were processed using adapter trimming Cutadapt v 1.1 software (Martin 2011) with 
options specified to search for adapter sequences anywhere within the sequencing read 
and to retain only the sequences that were longer than 17 nucleotides; quality trimming 
was performed with a Sanger quality cutoff score of 20.  
Summary statistics and run quality data were collected from the adapter trimmed 
libraries using FastQC v 0.10.1 software 
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Samples that passed quality 
control tests were aligned to the B. rapa genome (accession number AENI01000000) 
(Wang, Wang et al. 2011) using Bowtie v 2 2.0.0 - beta2 aligner run (Langmead, Trapnell 
et al. 2009). The reads that could be aligned to the genome were further classified based 
on feature classes. The alignment was performed in a stepwise fashion. The reads that 
could be aligned to features of a certain class were counted and excluded from 
subsequent alignments. In this way, the pool of sequences was gradually depleted. The 
mapping process continued until the remaining reads could not be assigned to any of the 
known mapping categories, and were labeled as “unclassified”. Both unique reads and 
reads that matched multiple loci (cutoff  ≥ 50 loci for reads mapped to multiple loci) were 
considered for this analysis. 
The alignment to B. rapa mature and passenger strand miRNA sequences was 
performed using conservative and predicted miRNA sequences described in (Yu, Wang 
et al. 2012). A novel miRNA prediction was done by using MiRDeep-P software (Yang 
and Li 2011) followed by its alignment to both predicted trans-acting siRNAs (ta-
siRNAs) by using the UEA sRNA workbench (Stocks, Moxon et al. 2012) and non-
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coding RNA genes, structured cis-regulatory elements and self-splicing RNAs from 
Rfam database, v 10.01 (Burge, Daub et al. 2012). The remaining reads were aligned to 
repeats and predicted genes (B. rapa gene database v 1.2). As a result, all small RNAs 
were sorted into 7 groups: miRNA candidates, gene-aligned small RNAs, conserved 
miRNAs, Rfam v 10.01, ta-siRNA candidates, transposon-aligned and unclassified small 
RNAs.   
To perform statistical comparisons, sequence reads were collapsed to unique tags 
after adapter trimming using a fastx_collapser program from the FASTX-Toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/). Raw read counts assigned to unique tags were 
compared between treatments and tissues. Normalization and statistical tests were 
performed using DESeq bioconductor package as described in the user’s manual (Anders 
and Huber 2010). Reads with the sum raw counts ≤ 5 across all libraries that participated 
in a particular comparison were excluded from the analysis. The cutoff value for 
significance was q < 0.2 (the Benjamini-Hochberg method) (Benjamini and Hochberg 
1995).  
Precise mapping of all assorted small RNAs was done using MicroRazerS v 1.0 
software with default settings (i.e. the first 16 nt-long ones were matched, no mismatch 
allowed) (Emde, Grunert et al. 2010). Only tags that were considered to be significantly 
changed (q < 0.2) were annotated. Due to the repetitive nature of some tag sequences, 
some single tag sequences had multiple annotations. 
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4.4. RESULTS 
4.4.1. The examination of gene expression in B. rapa parental leaves, 
inflorescence meristem, pollen, unfertilized ovules, 24-hour post-fertilization ovules, 
embryo, endosperm and leaf tissues of progeny plants after heat shock treatment 
The species B. rapa encompasses various economically important vegetable crops 
whose cultivation is acutely affected by heat, often in a combination with drought or 
other stresses (Yu, Wang et al. 2012). Although, considerable research efforts have been 
directed towards identifying genetic mechanisms of plant stress response, the 
improvement of crops is hindered by the lack of gene expression database related to heat 
stress response. More importantly, every tissue counters stress in a unique and definite 
way which leads to the development of the tissue-specific differential gene expression 
profile (Prandl, Kloske et al. 1995, Nylander, Svensson et al. 2001). Unfortunately, a 
publicly available gene expression database for economically important crops has not 
been developed. Notably, it is still vague how reproductive tissues in plants respond to 
stress compared to somatic tissues and to what extent oscillations in the parental 
transcriptome are transmitted to untreated progenies.  
Hence, we profiled the transcriptomes of reproductive and somatic tissues in 
response to HS stress in B. rapa plants and in the untreated progeny. Three main goals 
were set: 1) to generate the first comprehensive gene expression database of somatic and 
reproductive tissues of B. rapa; 2) to assess alterations in gene expression pattern in B. 
rapa plants subjected to HS treatment; 3) to monitor stress-induced transgenerational 
changes in the transcriptome profile observed in plants. 
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The transcriptome libraries were generated from the total RNA of somatic and 
reproductive tissues of control and exposed parental B. rapa plants as well as from the 
untreated progeny (Table 4.4.1). Subsequently, the libraries were sequenced using the 
Illumina GAIIx platform followed by primary and secondary data analysis. In the 
experiment, 16 sequencing libraries were generated in two biological replicates with an 
average of 11,723,384 reads per library and genome-matched reads comprised on average 
67.70% of the total reads (Table 4.4.1). Unfortunately, whole genome transcriptome 
sequencing data for B. rapa species that we could use to compare our data with are not 
available yet. 
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Table 4.4.1. The characteristics of transcript reads of control and heat shock 
treated tissues of B. rapa plants 
Library ID Description 
The total number 
of library reads 
Percentage of 
reads mapped to 
gDNA 
CT Leaves 
Leaf samples from untreated 
plants 
8,913,668 64.13 
TR Leaves Leaf samples from exposed plants 8,111,316 64.48 
CT Inflorescence 
meristem 
Inflorescence meristem of 
untreated plants 
13,992,893 65.29 
TR Inflorescence 
meristem 
Inflorescence meristem of 
exposed plants 
21,031,116 78.38 
CT Pollen 
Mature pollen from untreated 
plants 
6,128,711 66.54 
TR Pollen 
Mature pollen from exposed 
plants 
14,386,477 81.49 
CT Unfertilized ovules 
Ovules from emasculated flowers 
of untreated plants 
10,112,352 62.28 
TR Unfertilized ovules 
Ovules from emasculated flowers 
of exposed plants 
15,684,059 74.35 
CT Fertilized ovules 
24-hour seeds from emasculated 
pollinated flowers of untreated 
plants 
16,766,263 73.99 
TR Fertilized ovules 
24-hour seeds from emasculated 
pollinated flowers of exposed 
plants 
10,461,971 67.54 
CT Embryo 
Mature green embryo dissected 
from seeds of untreated plants 
9,261,796 67.67 
TR Embryo 
Mature green embryo dissected 
from seeds of exposed plants 
10,167,508 67.58 
CT Endosperm 
Mature green endosperm 
dissected from seeds of untreated 
plants 
9,867,388 61.58 
TR Endosperm 
Mature green endosperm 
dissected from seeds of exposed 
plants 
10,393,140 63.92 
CT Progeny 
Leaf samples from the progeny of 
untreated plants 
12,352,719 61.89 
TR Progeny 
Leaf samples from the progeny of 
exposed plants 
9,942,780 62.11 
Average  11,723,384 67.70 
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4.4.1.1. Heat stress treatment resulted in tissue-specific alterations in the 
transcriptome in B. rapa plants 
Previous reports have shown an explicit proof of tissue-specific changes in gene 
expression in A. thaliana plants subjected to biotic and abiotic stress (Kreps, Wu et al. 
2002, Ma and Bohnert 2007). In our study, we observed unique tissue-specific alterations 
in mRNA accumulation in heat-shock treated B. rapa plants, with a nearly even 
representation of the number of up- and down-regulated genes (Figure 4.4.1). Whereas in 
the leaves of parental plants that were directly exposed to stress, we detected 572 
differentially expressed genes as compared to untreated controls (the Benjamini-
Hochberg method, q<0.05, Figure 4.4.1A); in the inflorescence meristem, derived from 
the exposed shoot apical meristem, there were only 75 differentially expressed genes as 
compared to untreated controls (Figure 4.4.1B). Both paternal and maternal reproductive 
tissues responded to HS with little differential expression of genes (3, 80 and 28 
differentially expressed genes for pollen, unfertilized ovules and fertilized ovules, 
respectively, Figures 4.4.1C, D and E).  
Enigmatically, the highest oscillations in gene expression was observed in tissues 
that were not directly exposed to HS – the endosperm (6533 differentially expressed 
genes, q<0.05, Figure 4.4.1G) as compared to control tissues. Such behaviour of the 
endosperm could possibly be attributed to global genome demethylation and a decrease in 
the expression of the silencing-related genes as compared to other tissues that were 
previously reported to occur in the Arabidopsis endosperm under normal conditions 
(Hsieh, Ibarra et al. 2009, Jullien, Susaki et al. 2012). Considerable oscillations of gene 
expression were also observed in the embryo, albeit to a lesser extent than that in the 
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endosperm (1323 differentially expressed genes, q<0.05, Figure 4.4.1F). Leaves collected 
from the progeny of stressed plants demonstrated a moderate response to HS (117 
differentially expressed genes, q<0.05, Figure 4.4.1E).  
The analysis showed that despite the fact that drastic changes in gene expression 
were observed in the embryo and endosperm tissues, these changes were not passed on to 
the progeny. This suggests that the reversal of changes in gene expression takes place 
either during the final steps of seed maturation or later throughout seed germination and 
plantlet development. Additionally, unfertilized and 24-hour post-fertilization ovules also 
responded to HS treatment with moderate changes in the gene expression profile (Figure 
4.4.1D and E), therefore it  may be suggested that alterations in the transcriptional 
activity of genes occur during stages of cell division/expansion of seed development and 
proceed into green embryo and endosperm tissues (Le, Cheng et al. 2010). Noteworthy, 
since we did not control the actual fertilization of ovules in emasculated flowers that were 
pollinated manually, we were unable to rule out the possibility that fertilized ovule tissue 
samples could have been contaminated with unfertilized embryo sacs. This could 
eventually affect the sequencing outcome in ovule tissue samples at 24 hours post-
fertilization. Nevertheless, a comparison of unfertilized and fertilized ovule transcriptoms 
from control plants revealed 791 significantly differentially expressed genes (q<0.05, the 
Benjamini-Hochberg method) with 603 being up-regulated in fertilized ovules (data not 
shown), which suggests that in our experiment, fertilized and unfertilized ovule samples 
were indeed different. However, it does not completely rule out the presence of 
unfertilized ovules in fertilized ovule samples. 
134 
 
A unique tissue-specific pattern of transcriptome fluctuations following HS stress 
was further observed in the comparison analysis (Figure 4.4.2). The most pronounced 
overlap of differentially expressed genes was seen between embryo and endosperm (1240 
commonly changed genes, Figure 4.4.2C and D) and then between embryo and leaves (51 
commonly changed genes, Figure 4.4.2E). The untreated progeny of plants stressed by 
HS had the highest overlap of differentially expressed genes with the endosperm (31 
commonly changed genes, Figure 4.4.2D) followed by the inflorescence meristem (15 
commonly changed genes, Figure 4.4.2E) and embryo (13 commonly changed genes, 
Figure 4.4.2E). Surprisingly, embryo as well as unfertilized and fertilized ovules of 
stressed parental plants had the lowest number of common differentially expressed genes, 
which can conceivably be attributed to the overall quiescent response of maternal 
reproductive organs to stress (Figure 4.4.2B and C).  
Transcriptome sequencing data were further confirmed in the progeny of stressed 
and non-stressed plants for four differentially expressed genes using the qPCR method 
(Table 4.4.2, q<0.05, the Benjamini-Hochberg method). 
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Figure 4.4.1. The effect of exposure to elevated temperature on gene 
expression in tissues of parental plants and leaves of untreated progeny plants of 
Brassica rapa 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Unfertilized ovules, E – 
Fertilized ovules, F – Embryo, G – Endosperm, H – Progeny. Bars represent the number 
of unique differentially expressed genes in response to HS in parental tissues and 
progeny, the Benjamini-Hochberg method, q<0.05.  
 
 
 
 
 
 
  
-4000
-3000
-2000
-1000
0
1000
2000
3000
4000
A B C D E F G H
T
h
e 
n
u
m
b
er
 o
f 
u
n
iq
u
e 
g
en
es
Up-regulated
Down-regulated
136 
 
 
 
Figure 4.4.2. Venn diagrams representing common genes the expression of 
which was significantly changed in selected tissues 
Gene IDs of differentially expressed genes were used to create the Venn diagrams 
using the Venny program (Oliveros). Labels: In. meristem – Inflorescence meristem, Unf. 
ovules – Unfertilized ovules, Fert. ovules – Fertilized ovules. 
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Table 4.4.2. Validation of transcriptome sequencing data in the leaves of 
progeny of control and stressed plants of B. rapa using qPCR 
Gene ID 
log2 Fold 
change TR 
vs CT, 
sequencing 
q-value, 
sequencing 
log2 Fold 
change TR 
vs CT, 
qPCR 
p-value, 
qPCR 
Significant SWISS-PROT annotation 
Bra029235 5.98 1.50E-04 5.37 5.03E-04 Yes 
BAT42_CAEEL BTB and 
MATH domain-containing 
protein 42 
OS=Caenorhabditis elegans  
Bra031065 5.96 1.92E-03 3.79 9.04E-03 Yes 
TI10A_ARATH Protein 
TIFY 10A OS=Arabidopsis 
thaliana  
Bra029719 -4.65 3.43E-02 -3.71 2.25E-03 Yes 
NLTP6_ARATH Non-
specific lipid-transfer protein 
6 OS=Arabidopsis thaliana  
Bra040903 -3.53 4.37E-07 -3.24 1.69E-02 Yes 
UBP13_ARATH Ubiquitin 
carboxyl-terminal hydrolase 
13 OS=Arabidopsis thaliana  
 
qPCR gene expression analysis was done as described previously (see Section 
3.3.2.5. cDNA synthesis and qPCR gene expression analysis). The average of four 
reactions (two dilutions per each of two cDNA preparations stemming from two 
independent tissue samples) was obtained, and the normalized expression ratio was 
calculated using 2-∆∆CT method. The statistical significance of sequencing reads and 
qPCR expression analysis was assessed using the Benjamini-Hochberg method (q<0.05) 
and Student’s t-test (p<0.05), respectively. 
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4.4.1.2. Gene ontology annotation of differentially expressed genes in tissues 
of B. rapa plants subjected to heat shock 
Differentially expressed genes in all tissues were further grouped into gene 
ontology categories according to the biological process they participate in using a 
Blast2GO v 2.6.2 software with default settings (Conesa, Gotz et al. 2005). As expected, 
the majority of genes in all tissues fall into the gene ontology (GO) category “response to 
stress” (Figure 4.4.3 and Figure 4.4.4), with the only exception of unfertilized ovules 
(Figure 4.4.3C) where the GO category “response to stress” was absent. Apparently it can 
be due to the overall moderate transcriptome oscillations in maternal reproductive tissue 
in response to HS stress (Figure 4.4.1D).  
Differentially expressed genes in the leaves, embryo and endosperm tissues fell 
into the largest number of GO categories – 11 in total (Figure 4.4.4A and B). In contrast, 
altered genes in unfertilized and fertilized ovules belonged only to 8 and 7 GO categories, 
respectively (Figure 4.4.3C, D). The GO categories “response to stress” and “protein 
metabolic process” were some of the largest GO categories observed among selected 
tissues. Curiously, the GO categories “response to stress”, “response to biotic stimulus” 
and “response to abiotic stimulus” were the most pronounced in the leaves of progeny of 
stressed plants, which probably suggests the existence of the selective mechanism of 
transgenerational gene priming in plants (Figure 4.4.4C) (Luna, Bruce et al. 2012, 
Slaughter, Daniel et al. 2012). 
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Figure 4.4.3. Gene ontology annotation of differentially expressed genes in 
selected B. rapa tissues 
A – Leaves, B – Inflorescence meristem, C – Unfertilized ovules, D – Fertilized 
ovules. Coding sequences of differentially expressed genes (TR vs CT) were extracted 
from the B. rapa transcriptome database v 1.2 and loaded as a FASTA file into Blast2GO 
v 2.6.2 software for the NCBI BLAST similarity search using blastx option (Conesa, 
Gotz et al. 2005). Further, the recovered ontologies were annotated and grouped into gene 
ontology categories using default settings. Gene ontology (GO) nodes were combined 
into the most prominent categories using a GO-slim-TAIR tool and represented as the 
percentage of up- and down-regulated genes in the corresponding GO category.  
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Figure 4.4.4. Gene ontology annotation of differentially expressed genes in 
selected B. rapa tissues 
A – Embryo, B – Endosperm, C – Progeny. Coding sequences of differentially 
expressed genes (TR vs CT) were extracted from the B. rapa transcriptome database v 
1.2 and loaded as a FASTA file into Blast2GO v 2.6.2 software for the NCBI BLAST 
similarity search using blastx option (Conesa, Gotz et al. 2005). Further, the recovered 
ontologies were annotated and grouped into gene ontology categories using default 
settings. Gene ontology (GO) nodes were combined into the most prominent categories 
using a GO-slim-TAIR tool and represented as the percentage of up- and down-regulated 
genes in the corresponding GO category.  
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4.4.2. Small RNA transcriptome analysis of B. rapa parental leaves, 
inflorescence meristem, pollen, unfertilized ovules, 24-hour post-fertilization ovules, 
embryo, endosperm and leaf tissues of progeny plants after heat shock treatment 
The reproduction of angiosperms encompasses a specific and multifarious chain 
of events that leads to the production of highly specialized male and female gametes 
during late post-embryonic development directly from established somatic cell lineages 
(Dickinson and Grant-Downton 2009, Grant-Downton and Rodriguez-Enriquez 2012). 
The essential requirement for the smRNA pathways to operate and control somatic and 
reproductive development has been shown previously in dicer-like1 (dcl1) and 
argonaute1 (ago1) null mutants impaired in miRNA metabolism (Golden, Schauer et al. 
2002, Vaucheret, Vazquez et al. 2004, Nodine and Bartel 2010). Hence, it is safe to 
assume that alterations in the smRNAome profile in somatic tissues would result in 
differential smRNA expression in gametes and eventually in progeny. Unfortunately, to 
date the information about possible influences of adverse environmental factors on 
smRNA metabolism in plant gametes is scarce. Moreover, a possible impact of such 
smRNAs on the progeny of stressed plants is unknown.  
Illumina small RNA sequencing was performed to compare alterations in the 
smRNA transcriptomes in somatic and reproductive tissues of B. rapa plants and in the 
progeny in response to HS treatment. We hypothesized that it will allow us to reveal 
possible messengers of transgenerational stress memory inheritance in plants. For 
smRNA sequencing, we used the same tissues as for mRNA sequencing. The experiment 
contained 16 sequencing libraries (8 from stressed and 8 from non-stressed plants) in two 
biological replicates. An average of 4,873,042 reads per library was achieved. Genome-
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matched reads comprised on average 52.68% of the total reads (Table 4.4.3), and it was 
comparable with the previously published report on Chinese cabbage (56.96% of 
genome-mapped smRNA reads) (Wang, Li et al. 2012). Strikingly, we observed drastic 
fluctuations in the percentage of genome-mapped sequencing reads: the highest 
percentage was observed in the inflorescence meristem (79.57% mapped reads on 
average) and the lowest one – in leaves (25.71% mapped reads on average). These 
unclassified reads may originate from intragenic or other unannotated regions of the 
genome. This is not surprising as the B. rapa genome has only recently been sequenced 
and is still poorly annotated. 
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Table 4.4.3. Small RNA sequencing libraries generated from the total RNA of 
control and heat shock treated tissues of B. rapa plants 
Library ID Description 
The total number 
of library reads 
Percentage of 
aligned reads to 
gDNA elements 
CT Leaves 
Leaf samples from untreated 
plants 
3,380,794 25.22 
TR Leaves Leaf samples from exposed plants 3,483,667 26.20 
CT Inflorescence 
meristem 
The inflorescence meristem of 
untreated plants 
9,127,684 80.29 
TR Inflorescence 
meristem 
The inflorescence meristem of 
exposed plants 
4,831,492 78.84 
CT Pollen 
Mature pollen from untreated 
plants 
5,465,212 80.18 
TR Pollen 
Mature pollen from exposed 
plants 
5,221,604 74.63 
CT Unfertilized ovules 
Ovules from emasculated flowers 
of untreated plants 
4,474,129 44.49 
TR Unfertilized ovules 
Ovules from emasculated flowers 
of exposed plants 
2,462,572 69.45 
CT Fertilized ovules 
24-hour seeds from emasculated 
pollinated flowers of untreated 
plants 
14,151,236 49.94 
TR Fertilized ovules 
24-hour seeds from emasculated 
pollinated flowers of exposed 
plants 
2,660,009 44.44 
CT Embryo 
Mature green embryo dissected 
from the seeds of untreated plants 
3,827,441 53.64 
TR Embryo 
Mature green embryo dissected 
from the seeds of exposed plants 
4,927,259 53.87 
CT Endosperm 
Mature green endosperm 
dissected from seeds of untreated 
plants 
1,991,580 39.67 
TR Endosperm 
Mature green endosperm 
dissected from seeds of exposed 
plants 
5,001,153 52.51 
CT Progeny 
Leaf samples from the progeny of 
untreated plants 
2,895,793 40.84 
TR Progeny 
Leaf samples from the progeny of 
exposed plants 
4,067,056 33.19 
Average  4,873,042 52.68 
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4.4.2.1. Mapping and general compositional analysis of small RNA libraries 
A general compositional analysis of smRNA libraries revealed substantial 
variations in relative smRNA enrichment among tissues, whereas differences between 
control and exposed groups within the same tissue were not so pronounced (Figure 4.4.5). 
Unexpectedly, the overwhelming majority of aligned sequencing reads were mapped to 
gDNA gene regions (30.29% of library reads on average) followed by those ones mapped 
to transposons (15.88% of library reads on average) and miRNAs (4.76% of library reads 
on average). The remaining classified reads comprised of Rfam database (v 10.01) 
mapped smRNAs (1.38% of library reads on average), ta-siRNA candidates (0.23% of 
library reads on average) and miRNA candidates (0.14% of library reads on average). 
Curiously, we observed considerable differences in the relative smRNA library 
composition between parental somatic tissues such as leaves and the inflorescence 
meristem and between paternal and maternal reproductive tissues. The most abundant 
fraction of smRNAs in leaves was unclassified (74.33% of library reads on average in 
control and treatment groups) followed by gene-mapped smRNAs (13.71% of library 
reads on average) and transposon-mapped smRNAs (6.66% of library reads on average). 
Conversely, in the inflorescence meristem, gene-mapped smRNAs represented the major 
fraction of sequencing reads (38.31% of library reads on average) followed by 
transposon-mapped smRNAs (25.77% of library reads on average) and unclassified ones 
(20.15% of library reads on average). Whereas the highest enrichment of gene-mapped 
smRNAs among libraries was observed in pollen (53% of library reads), the 
inflorescence meristem had the highest relative expression of transposon-mapped 
smRNAs and miRNAs (25.77% and 12.84% of library reads on average, respectively). 
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Both unfertilized and fertilized ovules had the comparable relative level of gene-mapped 
smRNAs (31.29% and 29.70% on average, respectively) and miRNAs (2.69% and 3.14% 
on average, respectively). In the embryo and endosperm tissues, almost similar levels of 
gene-mapped smRNAs (28.66% and 28.24% on average, respectively) and miRNAs were 
observed (2.27% and 1.98% on average, respectively). At the same time, both control and 
exposed embryo tissues had almost a 1.5-fold higher relative number of transposon-
mapped smRNAs as compared to endosperm tissues (22.19% and 15.12% on average, 
respectively). The leaf tissues from the progeny demonstrated on average 21.06%, 
11.81% and 4.66% of library reads mapped to such prominent genomic elements as 
genes, transposons and conservative miRNAs, respectively. 
The most pronounced alterations in the library composition after HS stress were 
observed in unfertilized ovule tissues with a 9.27% and 8.15% increase in the number of 
transposon- and gene-mapped smRNA reads as compared to control, respectively (Figure 
4.4.5). Changes in the endosperm were less pronounced – there was a 3.85% and 8.24% 
increase in the number of transposon- and gene-mapped smRNA sequences, respectively. 
Curiously, the progeny of stressed plants had a detectable decrease in the number of 
smRNA reads mapped to genes (6.66% as compared to control) and to transposons 
(3.61% as compared to control, Figure 4.4.5), which was in accordance with the overall 
up-regulation of gene expression observed  in the progeny of stressed as compared to 
control plants (Figure 4.4.1H). Surprisingly, leaf tissues that were directly subjected to 
stress suffered only minor oscillations in the smRNA library composition as compared to 
control, albeit both control and treated smRNA libraries had the highest relative amount 
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of unclassified reads among all tissues that conceivably could contain responsive 
smRNAs (Figure 4.4.5). 
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Figure 4.4.5. A general compositional analysis of small RNA libraries 
sequenced from the total RNA of corresponding tissues 
The length of stacked bars represents the percentage of smRNA fraction occupied 
by a specific smRNA type in the corresponding library. 
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4.4.2.2. The length distribution and the 5΄ nucleotide bias of small RNA 
libraries  
Previous reports have shown a conservative pattern of the smRNA length 
distribution in plants which is compatible with DICER-dependent transcriptome 
processing (Rajagopalan, Vaucheret et al. 2006, Fahlgren, Howell et al. 2007, Moxon, 
Jing et al. 2008, Szittya, Moxon et al. 2008, Song, Wang et al. 2010, Chi, Yang et al. 
2011). We observed the overall bimodal length distribution of smRNA sequencing reads 
in all tissues (Figure 4.4.6) with the major peak at 24 nucleotides (40.19% of all reads on 
average) and a smaller shoulder at 21 nt (18.30% of all reads on average), which was 
consistent with published data on B. rapa plants (He, Fang et al. 2008, Wang, Li et al. 
2012). Patterns for the 21- and 24-mers distribution were dissimilar between tissues. In a 
stark contrast to other tissues, the 21 nt smRNA fraction was predominant in leaves 
(28.06% on average) followed by 24 nt-long smRNAs (22.20% on average, Figure 
4.4.6A). Also, an equivalent accumulation of 21 and 24 nt-long reads was observed in the 
leaves of two-week-old progenies (28.42 and 29.55% for 21 and 24 nt-long reads, 
respectively, Figure 4.4.6H). This is partially in agreement with the previous 
demonstrating 21-mers composed the major fraction of the smRNA library from the four-
week-old seedlings of B. rapa (subsp. oleifera) followed by the 24 nt-long fraction (39.9 
and 22.94% of 21 and 24 nt-long reads of the total smRNA library, respectively) (He, 
Fang et al. 2008). Curiously, whereas paternal (Figure 4.4.6C) and maternal (Figure 
4.4.6D, E) reproductive tissues had a different distinguishable pattern of smRNA library 
length distribution, the length of smRNA reads derived from the inflorescence meristem 
(Figure 4.4.6B), embryo (Figure 4.4.6F) and endosperm (Figure 4.4.6G) tissues was 
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highly similar. Sequencing reads from pollen contained both the 21 (14.98% on average) 
and 24 nt-long (20.12% on average) fractions of smRNAs plus an additional biologically 
undefined 17 nt-long (17.09% on average) fraction. Such pattern was not observed in 
smRNA reads of unfertilized and fertilized ovules (Figure 4.4.6D and E, respectively); 
only a small percentage of smRNAs belonged to 21-mers (8.16% on average), with the 
majority of reads belonging to 24 nt smRNA fraction (58.14% on average). None of these 
tissues except pollen responded to HS with drastic detectable fluctuations in the relative 
smRNA length distribution (Figure 4.4.6C). The most prominent alterations were 
observed in the 24 nt-long smRNA fraction (a 1.4 fold increase as compared to control, 
Student’s t-test, α=0.05), which usually corresponds to the smRNA fraction deriving 
from heterochromatic genomic regions in angiosperms (Axtell 2013).  
The length distribution analysis of sequencing reads mapped to the prominent 
genomic sequence categories revealed that the majority of gene- (Figure 4.4.7) and 
transposon-mapped (Figure 4.4.8) smRNAs fell mostly into the 24 and 21 nt-long 
categories in all tissues except pollen. In male reproductive tissues, a vast amount of low 
range small RNAs (19-mers and smaller) observed in the total smRNA library were 
solely mapped to gene regions in gDNA (17.09% and 16.97% of the relative fraction of 
17 nt-long reads in the total smRNA and gene-mapped smRNA libraries, respectively, 
Figure 4.4.7C), which suggests that a tissue-specific transcriptome degradation process 
takes place in pollen. Similar results were previously reported in mature Arabidopsis 
pollen where 16 nt-long reads were prevailing in the smRNA sequencing library. 
Unfortunately, the authors did not explain the origin of small size smRNAs in pollen 
(Grant-Downton, Le Trionnaire et al. 2009).  
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Transposable element (TE)-mapped smRNAs in male tissues were distributed 
between a major peak of 24 nt-long reads (3.96% of the total reads on average) and an 
unusually broad but minor peak stretching from 17 to 22 nt in length (Figure 4.4.8C). 
Previous reports on smRNA metabolism in Arabidopsis pollen (Slotkin, Vaughn et al. 
2009) give us a reason to speculate that low range smRNAs can apparently be non-cell 
autonomous silencing signals generated in the vegetative nucleus to suppress the TE 
activity in sperm cells. We also observed the redistribution of smRNAs following HS in 
pollen. The fractions of 19 and 20 nt-long reads suffered a decline in the relative 
expression (a 1.5-fold decline on average), whereas the 24 nt-long smRNA portion 
demonstrated a 1.4-fold increase upon HS treatment as compared to control (Student’s t-
test, α=0.05). 
A detailed examination of the prevailing 24 nt-long fraction of sequencing reads 
revealed a common strong bias for adenine at the 5΄ terminal nucleotide in all tissue 
libraries of B. rapa plants, which is in accordance with previous studies on Arabidopsis 
and B. napus plants (Figure 4.4.9) (Mi, Cai et al. 2008, Zhao, Wang et al. 2012). The 
highest degree of conservation at the 5΄ terminal nucleotide was observed in leaf tissues 
(69% on average of the 24-nt long reads had the 5΄-A terminal nucleotide, Figure 
4.4.9A), whereas the lowest degree of conservation was found in pollen (51%, Figure 
4.4.9C). Since in our experiment, smRNAs were not directly co-precipitated with 
ARGONAUTE proteins, we can only speculate about their biogenesis and support our 
conclusions by indirect evidence. According to the previous report on Arabidopsis, 24 nt-
long smRNAs with the dominant 5΄-A terminal nucleotide satisfy the requirements for 
AGO4-processed smRNAs that belong to repeat-associated and heterochromatic siRNAs 
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(Mi, Cai et al. 2008). Eventually, these smRNAs may guide sequence-specific alterations 
of gene and/or transposon activity in the genome through the RNA-dependent DNA 
methylation process (Axtell 2013). Noteworthy, the rest of sequencing reads 
demonstrated a lower bias for a particular nucleotide at the 5΄ terminus; and HS stress 
had no significant effect on the accumulation of 24 nt-long reads with the 5΄- A terminal 
nucleotide in all tissue libraries as compared to control (data not shown). 
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Figure 4.4.6. The relative length distribution of sequencing reads from the 
total small RNA library of the corresponding tissues 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Unfertilized ovules, E – 
Fertilized ovules, F – Embryo, G – Endosperm, H – Progeny. The values represent the 
mean ± SD of the relative enrichment of smRNA fraction in the total library of the 
corresponding tissue. An asterisk shows a statistically significant difference as compared 
to the control library of the corresponding tissue (Student’s t-test: α=0.05, t=2.45).  
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Figure 4.4.7. The relative length distribution of sequencing reads mapped to 
gene regions in the total small RNA library of the corresponding tissue 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Unfertilized ovules, E – 
Fertilized ovules, F – Embryo, G – Endosperm, H – Progeny. The values represent the 
mean ± SD of the relative enrichment of smRNA fraction in the total library of the 
corresponding tissue. 
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Figure 4.4.8. The relative length distribution of sequencing reads mapped to 
transposon element regions in the total small RNA library of the corresponding 
tissue 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Unfertilized ovules, E – 
Fertilized ovules, F – Embryo, G – Endosperm, H – Progeny. The values represent the 
mean ± SD of the relative enrichment of smRNA fraction in the total library of the 
corresponding tissue. The asterisks show a statistically significant difference as compared 
to the control library of the corresponding tissue (Student’s t-test: α=0.05, t=2.45).  
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Figure 4.4.9. The relative nucleotide bias at each position of small RNAs in 24 
nt-long small RNA reads 
A – CT Leaves, B – CT Inflorescence meristem, C – CT Pollen, D – CT 
Unfertilized ovules, E – CT Fertilized ovules, F – CT Embryo, G – CT Endosperm, H – 
CT Progeny. The graphics were made by using the 24 nt-long sequencing reads from the 
corresponding control library and a WebLogo software (Crooks, Hon et al. 2004). The 
sequence conservation at each position is indicated by the overall height of the stack of 
symbols (T, A, C, and G), while the relative frequency of each nucleotide is represented 
by the height of the corresponding symbol. 
 
156 
 
4.4.2.3. Pollen, endosperm and leaf tissues of progeny plants demonstrate 
significant alterations in the small RNAome profile in response to heat shock 
Despite the fact that we did not detect significant fluctuations in the sequence read 
length distribution in response to HS, considerable changes in differential expression of 
smRNAs were observed in all tissues except unfertilized ovules (Figure 4.4.10D). 
Surprisingly, the most striking alterations were detected in systemic tissues that were not 
directly exposed to stress such as pollen (621 differentially expressed smRNAs, Figure 
4.4.10C), the endosperm (385 differentially expressed smRNAs, Figure 4.4.10G) and 
more importantly, in leaf tissues of the progeny (376 differentially expressed smRNAs, 
Figure 4.4.10H). Minor changes were recorded in leaves (12 differentially expressed 
smRNAs, Figure 4.4.10A), the inflorescence meristem (15 differentially expressed 
smRNAs, Figure 4.4.10B), fertilized ovules (31 differentially expressed smRNAs, Figure 
4.4.10E) and embryo (8 differentially expressed smRNAs, Figure 4.4.10F). Strikingly, 
none of smRNAs responded to HS in unfertilized ovules (Figure 4.4.10D, the Benjamini-
Hochberg method, q<0.2). 
The detailed mapping and analysis of differentially expressed smRNAs showed a 
lower representation of gene-mapped siRNAs as compared to those ones derived from 
transposable elements in all tissues (566 and 823 in total for genes and transposons, 
respectively). Whereas in the endosperm, 86.75% of all differentially expressed smRNAs 
were up-regulated (Figure 4.4.10G), in pollen and leaves of the progeny, 59.58 and 
89.89% of all differentially expressed smRNAs were down-regulated, respectively 
(Figure 4.4.10C and H). MiRNAs comprised a minor fraction with only 59 of them being 
differentially expressed in toto.  
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Figure 4.4.10. Differentially expressed small RNAs, TR vs CT 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Unfertilized ovules, E – 
Fertilized ovules, F – Embryo, G – Endosperm, H – Progeny. The stacked bars represent 
the number of unique differentially expressed smRNAs per category in the corresponding 
tissue. SmRNAs were divided into 3 categories regarding genome regions they were 
mapped to: miRNAs, transposon and gene regions. The first and second stacked bars 
show the number of smRNAs with the positive and negative log2fold change values (TR 
vs CT) in corresponding tissue, respectively (the Benjamini-Hochberg method, q<0.2).  
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4.4.2.4. Differentially expressed siRNAs are mapped to genes that are unique 
for every tissue 
To reveal the commonalities in action of altered siRNAs mapped to gene regions, 
we extracted their gene IDs and used them for inter-tissue comparisons. Mature siRNAs 
in contrast to mature miRNAs do not possess a strict sequence conservation, even in 
closely related plant species. This is largely due to the fact that many siRNAs are 
generated from heterochromatic loci which overlap with transposons or transposon 
remnants. Alterations in transposon location and copy number that occur during plant 
evolution could alter the type of siRNAs produced and their average expression levels in 
different plants (Ma, Coruh et al. 2010).  
Additionally, a number of genes in the vicinity of active TEs can become targets 
of the RNA-dependent DNA methylation (RdDM) pathway due to either the spread of 
silencing from transposon sequences or read-through transcription (Cropley and Martin 
2007, Slotkin and Martienssen 2007). In the second scenario, gene transcripts are targeted 
for degradation by the RNA interference (RNAi) pathway, which leads to the 
accumulation of 24 nt-long products of mRNA decay. These 24 nt-long siRNAs can 
eventually direct the RdDM machinery to active transposon loci to initiate the 
recruitment of chromatin silencing marks through DNA methylation (Law and Jacobsen 
2010, Wierzbicki, Cocklin et al. 2012). Since TEs are known to get activated in response 
to environmental perturbations (Grandbastien 1998) we hypothesized that the levels of 
TE- and gene-derived siRNAs would be affected by stress exposure, and moreover this 
response is expected to be tissue-specific. 
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In accordance with our hypothesis, in our study, differentially expressed siRNAs 
were mostly tissue-specific, with a small number of siRNAs overlapping between pollen 
and endosperm (32 common genes, Figure 4.4.11B, C and D), pollen and leaf tissues in 
the progeny (16 common genes, Figure 4.4.11C and D), and endosperm and leaf tissues 
in the progeny (14 common genes, Figure 4.4.11C and D). No overlap was found 
between embryo and any other tissue as there were no changes in siRNAs expression in 
response to HS in the embryo (Figure 4.4.6F). An intriguing hypothesis to explain the 
lack of differentially expressed siRNAs in B. rapa plants in response to HS was proposed 
recently in Arabidopsis (Mosher and Melnyk 2010). Maternal-specific global DNA 
demethylation that naturally occurs triggers transcriptional activation of the transposon 
array in the endosperm concomitant with the generation of the heterochromatic siRNAs 
that subsequently act in trans to reinforce transposon silencing in the young embryo.  
The number of differentially expressed siRNAs in fertilized ovules was very small 
(11 gene-mapped siRNAs) despite a substantially larger number of them found in pollen 
(267 gene-mapped siRNAs, Figure 4.4.10C and E). In angiosperms, the maternal 
gametophyte (the embryo sac) encompasses the haploid egg cell and the homodiploid 
central cell, while the paternal gametophyte (pollen grain) contains two haploid sperm 
nuclei completely enclosed within the vegetative cell (tricellular mature pollen grain). 
Since the vegetative nucleus does not contribute genetic material to the next generation, it 
is logically to assume that a vast majority of altered smRNAs induced by heat may 
originate from the vegetative nucleus only traces of which are transferred to the ovules 
upon fertilization. In agreement with this statement, a previous report demonstrated that 
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the burst of transient TE reactivation and siRNA expression naturally occurring in pollen 
is limited to the vegetative nucleus (Slotkin, Vaughn et al. 2009).  
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Figure 4.4.11. Venn diagrams representing common genes mapped to the 
significantly altered siRNAs among tissues of B. rapa plants exposed to heat stress 
Gene IDs of putative gene-mapped siRNA targets were used to create the Venn 
diagrams using the Venny program (Oliveros). Labels: In. meristem – Inflorescence 
meristem, Fert. ovules – Fertilized ovules. 
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4.4.2.5. Expression hot spots of small non-coding RNAs observed in B. rapa 
tissues after heat shock treatment 
In our study we observed hot spots of changes in the expression of smRNAs 
involved in stress response common for leaves, pollen, fertilized ovules, endosperm and 
leaves in the progeny (the Benjamini-Hochberg method, q<0.2, Table 4.4.4). Despite the 
fact that the commonly regulated smRNAs were mapped to three different genes 
(Bra003466, Bra018314 and Bra030669), the sequences of these smRNAs were highly 
similar because they were produced from the predicted tRNAs which reside in the intron 
region of the three aforementioned genes. tRNA-derived RNA fragments (tRFs) comprise 
a novel class of smRNAs discovered recently in plants (Hsieh, Lin et al. 2009, Chen, liu 
et al. 2011, Hackenberg, Huang et al. 2012) and in silico predicted to have a regulatory 
role in gene expression through the miRNA pathway (Loss-Morais, Waterhouse et al. 
2013). Using a psRNATarget software, the putative mRNA targets of most of the tRFs 
were predicted in B.rapa transcriptome (data not shown) (Dai and Zhao 2011). It still 
remains to be shown whether we can observe a correlation between the expression of 
tRFs and the mRNA level of their putative targets. 
The existence in plants of transgenerationally transmitted, heat-responsive tRFs is 
a novel finding that adds one more variable to environmentally induced epigenetic 
responses to stress. 
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Table 4.4.4. Common stress-responsive hot spots mapped to differentially 
expressed siRNAs in leaves, pollen, fertilized ovules, endosperm and leaves of the 
progeny of heat-treated B. rapa plants 
Tissue Gene ID siRNA origin 
Average siRNA expression log2 
FC, TR vs CT 
Leaves 
Bra003466 Intron/tRNA-Gly -1.57 
Bra018314 Intron/tRNA-Ala -1.71 
Bra030669 Intron/tRNA-Gly -1.71 
Pollen 
Bra003466 Intron/tRNA-Gly 2.40 
Bra018314 Intron/tRNA-Ala -0.18 
Bra030669 Intron/tRNA-Gly 2.40 
Fertilized ovules 
Bra003466 Intron/tRNA-Gly -6.46 
Bra018314 Intron/tRNA-Ala -6.46 
Bra030669 Intron/tRNA-Gly -6.46 
Endosperm 
Bra003466 Intron/tRNA-Gly 8.18 
Bra018314 Intron/tRNA-Ala 8.31 
Bra030669 Intron/tRNA-Gly 8.18 
Progeny 
Bra003466 Intron/tRNA-Gly 6.95 
Bra018314 Intron/tRNA-Ala 2.59 
Bra030669 Intron/tRNA-Gly 4.61 
SWISS-PROT annotation 
Bra003466 
BECN1_ARATH Beclin-1-like protein OS=Arabidopsis thaliana 
GN=At3g61710 PE=2 SV=2 
SWISS-PROT annotation 
Bra018314 
N/A 
SWISS-PROT annotation 
Bra030669 
CIA2_ARATH Protein CHLOROPLAST IMPORT APPARATUS 2 
OS=Arabidopsis thaliana GN=CIA2 PE=2 SV=1 
 
The common differentially expressed smRNAs (the Benjamini-Hochberg method, 
q<0.2) were mapped to the genome and positional coordinates on the B. rapa 
chromosomes were extracted. Subsequently, using the region coordinates obtained, genes 
and tRNAs were allocated in the BRAD – Brassica Genome Browser v 1.2 
(http://brassicadb.org/cgi-bin/gbrowse/Brassica/) 
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4.4.2.6. The functional annotation of gene-mapped siRNAs 
To examine common biological pathways that are presumably affected by 
differentially expressed smRNAs mapped to genes, their putative targets were further 
annotated and classified according to the biological process they were involved in using 
the Blast2GO v 2.6.2 software with default settings (Figure 4.4.7). To do this, we 
included only the data sets of the three tissues that demonstrated the maximum 
smRNAome disequilibrium after HS – pollen, endosperm and progeny. Due to the 
repetitive nature of the B. rapa genome, a number of differentially expressed sequencing 
reads were mapped to multiple genomic loci. Also, a vast majority of siRNAs originated 
from the intron sequences, apparently do not have an ability to regulate gene expression 
at the posttranscriptional level, excluding alternative transcripts that rarely occur in 
plants.  
Overall, whereas the genes involved in “response to stress” were the predominant 
putative targets in pollen and the leaves of progeny tissues (19.13 and 19.78%, 
respectively, Figure 4.4.12A and C), in endosperm, smRNAs mapped to the genes 
involved in “RNA metabolic process” and “transport” were the most enriched.  
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Figure 4.4.12. Gene ontology annotation of putative siRNA targets 
 A – Pollen, B – Endosperm, C – Progeny. Coding sequences of putative targets 
of differentially expressed gene-mapped siRNAs were extracted from the B. rapa 
transcriptome database v 1.2 and loaded as a FASTA file into the Blast2GO v 2.6.2 
software for the NCBI BLAST similarity search using a blastx option (Conesa, Gotz et al. 
2005). Further, the recovered ontologies were annotated and grouped into gene ontology 
categories using default settings. Gene ontology nodes were combined into the most 
prominent categories using a GO-slim-TAIR tool and represented as bar graphs. 
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4.4.2.7. Class I transposons are the major source of the TE-derived small 
RNAs in B. rapa tissues 
In our experiment, the overwhelming majority of smRNAs change in response to 
HS in all tissues derived from genomic repeats (Figure 4.4.5). Hence, in order to reveal a 
tissue-specific pattern of stress response, we decided to proceed with a detailed analysis 
of repeat-associated sequencing reads and group them into TE categories. 
Repeat-originated smRNAs recovered from our dataset revealed a complex 
picture where small non-coding RNAs that responded to HS mapped to various classes of 
mobile elements, including retroviral-like elements, DNA transposons, simple and low-
complexity repeats (Figure 4.4.13). In consistency with the previous reports (Kumar and 
Bennetzen 1999, Pereira 2004), a vast majority of smRNA reads was mapped to Class I 
retrotransposons such as long tandem repeat (LTR), short interspersed nucleotide 
elements (SINEs) and long interspersed nucleotide elements (LINEs), that comprised 40 
to 100% of all TE-derived reads, depending on the tissue type. The remaining fraction 
combined Class II transposable elements including DNA transposons, simple repeats, 
rolling-circle transposons, satellites and unknown ones. More importantly, we observed a 
tissue-specific response to HS with regard to differential transposon-derived siRNA 
expression. The overall suppression of LTR-mapped siRNA expression in pollen (76.4% 
as compared to control, Figure 4.4.13C) persisted through fertilized ovules, embryo (76.9 
and 87.5% in fertilized ovules and embryo, respectively, as compared to control Figure 
4.4.13D and E) and finally resulted into a considerable decline in the untreated progeny 
(91.6%, Figure 4.4.13G). At the same time, a subtle up-regulation in the overall pool of 
TE-mapped siRNAs was detected in the inflorescence meristem (9 out of 10 unique 
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siRNAs were up-regulated, Figure 4.4.13B) and a major overexpression in the endosperm 
(269 out of 307 unique differentially expressed siRNAs were up-regulated, Figure 
4.4.13F). The last observation can be attributed to the developmental relaxation of 
silencing of transposable elements taking place in the endosperm tissues under normal 
conditions (Gehring, Bubb et al. 2009, Hsieh, Ibarra et al. 2009). Overall a decline in TE-
derived siRNAs observed in the majority of examined tissues after stress treatment 
suggests the existence of effective epigenetic mechanisms that suppress the undesirable 
activity of mobile elements.  
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Figure 4.4.13. The distribution of differentially expressed siRNAs among 
transposon classes in the corresponding tissue 
A – Leaves, B – Inflorescence meristem, C – Pollen, D – Fertilized ovules, E – 
Embryo, F – Endosperm, G – Progeny. The bar graphs represent the number of unique 
small RNAs per TE category. Whereas, the first bar of every category represents the 
number of up-regulated siRNAs, the second bar shows the number of down-regulated 
siRNAs, TR vs CT. LTR – long tandem repeats, SINE – short interspersed nucleotide 
elements, LINE – long interspersed nucleotide elements, SR – simple repeats, RC – 
rolling-circle transposons. 
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4.4.2.8. Differentially expressed miRNAs that are commonly changed in 
different tissues 
The analysis of siRNA fractions of sequencing reads was followed by a detailed 
examination of those reads mapped to conservative plant micro RNA (miRNA) 
sequences described in the recent paper (Yu, Wang et al. 2012) and those ones that were 
de novo predicted by the MiRDeep-P software (Yang and Li 2011). Unique sequences 
mapped to miRNAs constituted a minor fraction of differentially expressed smRNAs that 
responded to HS regardless of the tissue sample (Figure 4.4.10). The largest number of 
altered mature miRNA sequences were observed in pollen (31 miRNAs, 4.99% of all 
altered smRNAs, Table 4.4.5), in endosperm (6 miRNAs, 1.56% of all altered smRNAs, 
Table 4.4.6) and in progeny (20 miRNAs, 5.32% of all altered smRNAs, Table 4.4.7).  
Only one, miRNA was differentially expressed in the inflorescence meristem and 
fertilized ovules as compared to controls (Table 4.4.8) and none of altered miRNAs was 
observed in unfertilized ovules, embryo and leaves of heat stressed B. rapa plants (the 
Benjamini-Hochberg method, q<0.2). Curiously, the up-regulation of miRNA 
transcriptome expression was not passed on to the progeny (Figure 4.4.10C and G), 
instead, HS treatment resulted in a global decrease in the expression of smRNAs in 
leaves of offspring (Figure 4.4.10).  
Our analysis allowed us to predict one novel miRNA in the pool of differentially 
expressed smRNAs in pollen (miR22711, Table 4.4.5) and two novel miRNAs in the 
progeny (miR31241, miR315691, Table 4.4.7), suggesting that the potential for the 
sequencing-based discovery of novel miRNAs in B. rapa plants is not exhausted. 
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MicroRNAs are known to play an important role in plant stress response since 
they act as global regulators of gene expression (Kruszka, Pieczynski et al. 2012). More 
importantly, recently miRNAs have been implicated in a non-cell autonomous mode of 
action (Carlsbecker, Lee et al. 2010, Marin, Jouannet et al. 2010). This raises a question 
whether miRNAs generated in directly exposed tissues can be mobilized to distinct 
systemic organs, such as reproductive tissues, and modulate the inheritance of 
transgenerational stress memory. Hence, we performed the commonality analysis of 
miRNAs between sequencing libraries of parental plants and untreated progeny. We 
observed a unique pattern of tissue response to stress, with only a few overlapping 
differentially expressed mature miRNAs among pollen, endosperm and leaf tissues of the 
progeny belonging to three microRNA gene families: bra-miR167, bra-miR390 and bra-
miR168 (Figure 4.4.14B, Table 4.4.9). Curiously, the members of miR167 and miR390 
gene families have been implemented in the regulation of auxin response factors (ARFs) 
in Arabidopsis which are transcription factors that bind to auxin response elements in the 
promoters of early auxin response genes (Tiwari, Hagen et al. 2003, Mallory, Bartel et al. 
2005, Montgomery, Howell et al. 2008). MiR390 has a peculiarity in its mode of action 
since the regulation of target ARF3 and ARF4 transcripts is performed indirectly through 
trans-acting siRNAs (ta-siRNAs) generated from the cleaved TAS3 RNA (Montgomery, 
Howell et al. 2008). Nevertheless, we did not observe differential expression of the 
corresponding ta-siRNAs either in the pollen and endosperm or leaf tissues of the 
progeny, albeit TAS3 has been shown to be present and functional in the B. rapa genome 
(Yu, Wang et al. 2012).  
171 
 
Among the three overlapping microRNA gene families, differential expression of 
miR168 regulating ARGONAUTE 1 (AGO1) expression in Arabidopsis was the most 
intriguing (Vaucheret, Vazquez et al. 2004). AGO1 has been shown to be vital for plant 
development due to its unique and essential role in microRNA metabolism. Hence, the 
discovery of altered expression of miR168 in parental B. rapa plants exposed to heat 
stress and in untreated progeny makes it tempting to speculate about its role in 
trangenerational epigenetic inheritance of stress memory. Consequently, the members of 
the miR168 microRNA gene family were selected for further analysis, and their 
expression was related to the AGO1 transcript level in both parental plants exposed to 
stress and untreated progeny. 
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Table 4.4.5. The significantly differentially expressed miRNAs in pollen of B. 
rapa plants treated with heat shock 
miRNA gene 
family 
Mature differentially expressed 
miRNAs 
Log2FC, TR vs 
CT 
q-value 
Length, 
nt 
bra-miR158 bra-miR158a-2 -2.10 1.12E-01 19 
bra-miR159 bra-miR159a-1 1.24 8.64E-04 21 
bra-miR162 bra-miR162a 1.02 3.13E-02 21 
bra-miR166 
bra-miR166a-1 1.31 1.57E-01 19 
bra-miR166a-1 1.68 1.82E-08 21 
bra-miR166a-1 1.79 1.11E-04 20 
bra-miR166a-1 2.44 4.05E-02 21 
bra-miR167 
bra-miR167a-1 1.19 4.86E-02 19 
bra-miR167a-1 1.91 3.01E-05 21 
bra-miR167a-1* 1.44 5.69E-03 21 
bra-miR168 
bra-miR168a-1 1.18 7.47E-02 21 
bra-miR168a-1 1.19 4.10E-02 20 
bra-miR168a-3 1.06 1.39E-02 21 
bra-miR1885 bra-miR1885a 1.08 6.82E-02 22 
bra-miR319 bra-miR319c-1 1.47 1.56E-02 21 
bra-miR390 
bra-miR390a-1 2.32 1.66E-02 21 
bra-miR390a-1* 1.96 1.91E-01 20 
bra-miR393 
bra-miR393a 1.41 4.51E-02 21 
bra-miR393a 3.34 8.08E-06 22 
bra-miR395 bra-miR395a-1 1.92 7.44E-02 21 
bra-miR396 
bra-miR396a 0.83 5.56E-02 21 
bra-miR396b 2.34 7.47E-02 21 
bra-miR398 bra-miR398b-1 2.59 1.48E-15 21 
bra-miR403 
bra-miR403 0.79 2.89E-02 21 
bra-miR403 1.46 9.83E-03 20 
bra-miR408 
bra-miR408a 1.58 9.14E-02 20 
bra-miR408a 2.02 2.16E-03 21 
bra-miR5718 
bra-miR5718 1.32 1.91E-04 22 
bra-miR5718* 1.04 1.27E-02 21 
bra-miR827 bra-miR827 1.02 1.90E-01 21 
 Predicted miR22711 -1.34 1.95E-01 22 
 
Differentially expressed smRNAs mapped to conservative mature miRNAs (TR 
vs CT, q<0.2, the Benjamini-Hochberg method). * - denotes a complementary strand of 
the corresponding mature miRNA. 
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Table 4.4.6. The significantly differentially expressed miRNAs in the 
endosperm of B. rapa plants treated with heat shock 
miRNA gene 
family 
Mature differentially expressed 
miRNAs 
Log2FC, TR vs CT q-value Length, nt 
bra-miR167 
bra-miR167a-1 4.37 0.05 20 
bra-miR167a-2 5.63 0.04 21 
bra-miR167a-1* 5.29 0.04 21 
bra-miR168 bra-miR168a-3 6.48 0.05 21 
bra-miR171 bra-miR171a-1 14.89 0.06 21 
bra-miR390 bra-miR390a-1 3.78 0.19 21 
 
Differentially expressed smRNAs mapped to conservative mature miRNAs (TR 
vs CT, q<0.2, the Benjamini-Hochberg method). * - denotes a complementary strand of 
the corresponding mature miRNA. 
 
Table 4.4.7. The significantly differentially expressed miRNAs in the progeny 
of B. rapa plants treated with heat shock 
miRNA 
gene family 
Mature differentially expressed 
miRNAs  
Log2FC, TR vs CT q-value Length, nt 
bra-
miR1140 
bra-miR1140  -2.20 1.02E-01 20 
bra-miR1140  -1.80 9.64E-02 21 
bra-miR1140*  -1.74 8.68E-02 22 
bra-miR165 
bra-miR165a  -2.48 6.29E-03 20 
bra-miR165a  -2.20 4.38E-02 21 
bra-miR165a  -2.43 1.16E-01 21 
bra-miR166 bra-miR166c*  -2.05 5.01E-02 21 
bra-miR167 bra-miIR167d  -3.29 1.35E-01 21 
bra-miR168 bra-miR168a-1  -1.57 1.58E-01 21 
bra-miR319 
bra-miR319a-1  -3.74 4.13E-07 20 
bra-miR319a-1  -4.45 2.73E-10 21 
bra-miR319a-3  -4.32 5.43E-02 20 
bra-miR319a-3  -5.79 1.85E-08 21 
bra-miR319b*  -13.73 2.27E-03 19 
bra-miR319c-1  -1.93 5.73E-02 21 
bra-miR390 bra-miR390a-1  -2.69 4.01E-04 21 
 Predicted miR31241  -2.18 5.99E-02 20 
 Predicted miR31241  -1.83 7.77E-02 21 
 Predicted miR315691  -3.29 1.35E-01 20 
 Predicted miR315691  -1.67 1.62E-01 21 
174 
 
Differentially expressed smRNAs mapped to conservative mature miRNAs (TR 
vs CT, q<0.2, the Benjamini-Hochberg method). * - denotes a complementary strand of 
the corresponding mature miRNA. 
 
Table 4.4.8. The significantly differentially expressed miRNAs in the 
inflorescence meristem and fertilized ovules of B. rapa plants treated with heat 
shock 
miRNA gene family 
Mature differentially 
expressed miRNAs 
Log2FC, TR 
vs CT 
q-value 
Length, 
nt 
Tissue 
bra-miR396 
bra-miR396a -2.50 0.03 17 
Inflorescence 
meristem 
bra-miR396a -2.01 0.08 17 
Fertilized 
ovules 
 
Differentially expressed smRNAs mapped to conservative mature miRNAs (TR 
vs CT, q<0.2, the Benjamini-Hochberg method). 
  
 
Figure 4.4.14. Venn diagrams representing the common microRNA gene 
families of differentially expressed mature miRNAs among tissues in heat-stressed 
B. rapa plants as compared to controls 
Differentially expressed smRNAs mapped to conservative miRNAs (TR vs CT, 
q<0.2, the Benjamini-Hochberg method) were grouped into classes and used for the 
generation of Venn diagrams using the Venny software. Labels: In. meristem – 
Inflorescence meristem, Fert. ovules – Fertilized ovules. 
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Table 4.4.9. Common significantly altered microRNA gene families in pollen, 
endosperm and leaves of the progeny of heat-stressed plants 
The miRNA gene 
family 
miRNA Tissue 
Log2 fold 
change, TR vs 
CT 
q-value 
bra-miR167 bra-miR167d 
Pollen 1.19 5.00E-02 
Endosperm 4.37 5.00E-02 
Progeny -3.29 1.30E-01 
bra-miR390 bra-miR390a-1 
Pollen 2.32 2.00E-02 
Endosperm 3.78 1.90E-01 
Progeny -2.69 4.00E-04 
bra-miR168 
bra-miR168a-1 Pollen 1.18 4.00E-02 
bra-miR168a-3 Endosperm 6.48 5.00E-02 
bra-miR168a-1 Progeny -1.57 1.90E-01 
 
Differentially expressed smRNAs mapped to conservative mature miRNAs (TR 
vs CT, q<0.2, the Benjamini-Hochberg method) 
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4.4.2.9. MiR168 is a putative messenger of transgenerational epigenetic 
inheritance 
Simply detecting miRNAs in stressed parental tissues and untreated progeny does 
not provide evidence that they are functional as smRNAs, largely acting as guides 
through RNA binding to target RNA and DNA substrates (Grant-Downton and 
Rodriguez-Enriquez 2012). Hence, we proceeded with the examination of putative targets 
of differentially expressed miRNAs in parental tissues and the progeny. The 
psRNATarget software with default settings was used to predict and retrieve gene IDs of 
putative miRNA gene-targets from the B. rapa CDS library v 1.1 (Dai and Zhao 2011). 
Subsequently, we searched for putative gene-target IDs in the differentially expressed 
gene dataset of the corresponding tissue and annotated them using the SWISS-PROT 
database (Bairoch and Apweiler 2000). Since the endosperm was the tissue that was more 
transcriptionally responsive to stress at the level of gene and smRNA expression (see 
Figure 4.4.1G and Figure 4.4.10G for endosperm transcriptome and smRNAome 
expression, respectively), it conceivably led to the highest number of smRNA/mRNA 
target pairs identified. Six smRNA/mRNA target pairs were identified in the endosperm 
of stressed plants (Table 4.4.10), the most intriguing of them was bra-miR168/AGO1 
(Max identity=95%, E-value=2E-99 for atAGO1 and braAGO1 BLAST search). 
Curiously, the expression of braAGO1 was also significantly altered in the embryo of 
stressed plants as compared to controls (Table 4.4.12, the Benjamini-Hochberg method). 
Overall, we observed a bimodal tissue-specific trend in the expression of braAGO1 after 
HS stress in parental plants. Whereas an insignificant down-regulation was observed in 
leaves, unfertilized and fertilized ovules, the up-regulation was detected in the 
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inflorescence meristem and pollen (Table 4.4.12, the Benjamini-Hochberg method). The 
absence of negative correlation for significantly overexpressed miR168 and braAGO1, 
observed in our study in pollen, is in contrast with the previous report showing that the 
regulation of AGO1 expression by miR168 is active in mature Arabidopsis pollen grains 
(Grant-Downton, Hafidh et al. 2009). 
The expression of braAGO1 was similar in the progeny of treated and untreated 
plants (Table 4.4.12, the Benjamini-Hochberg method), albeit a significant down-
regulation of miR168 was detected (Table 4.4.12, the Benjamini-Hochberg method). An 
inverse correlation for miR168 expression and atAGO1 transcript levels under stress 
conditions is not always obvious in Arabidopsis, because both atAGO1 and miR168 
promoters are activated under abiotic stress conditions, suggesting that an increase in the 
miR168 level is essential for retaining a stable AGO1 transcript level during stress 
response (Li, Cui et al. 2012). We also observed a moderate negative correlation for bra-
miR168a-1 and braAGO1 expression in all tissues of stressed parental plants and 
untreated progeny of B. rapa (Pearson's r = -0.66, Table 4.4.12).  
Unexpectedly, in the most of differentially expressed miRNAs, we did not find an 
obvious negative correlation with their putative gene targets in the endosperm (Table 
4.4.10). On the contrary, both miRNAs and their target genes demonstrated an increase in 
the expression following HS. It is possible that these miRNAs function at the level of 
translational inhibition rather than the level of mRNA cleavage, although the latter 
mechanism prevails in plants (Axtell 2013). The large-scale comparison of differentially 
expressed miRNAs and their putative targets together with the analysis of the 
corresponding protein levels can further clarify the picture. 
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A detailed analysis of mature miRNA sequences belonging to the miR168 gene 
family revealed a common 20 nt-long core sequence between 3 miRNAs with only a 
variable 3΄-terminal nucleotide (Table 4.4.11). Curiously, whereas in the Arabidopsis 
genome, there are two copies of miR168 gene, the B. rapa genome encodes 5 different 
copies of miR168 gene, which is apparently due to the whole genome triplication and a 
subsequent fractionation of one copy since its divergence from the A. thaliana lineage at 
least 5 – 9 million years ago (Table 4.4.11) (Wang, Wang et al. 2011). At this point it is 
not clear which of these copies are transcriptionally active, albeit a considerable 
domination of mature bra-miR168a-2 reads generated from miRNA genes resided at 
chromosomes A01 and A03 was observed in all smRNA sequencing libraries except 
pollen, embryo and endosperm (data not shown) as compared to bra-miR168a-1 and bra-
miR168a-3. The validation of the expression of miR168 was performed using smRNA 
Northern blot analysis with a probe designed to recognize the consensus sequence of the 
three mature miRNAs (Figure 4.4.15). 
Overall, at this stage, it is speculative whether the members of the bra-miR168 
gene family play a substantial role in transgenerational stress memory inheritance, and 
whether the braAGO1 gene is a vital regulator that epigenetically orchestrates global 
gene expression in B. rapa plants. Evidence in favour of this idea manifests itself in the 
studies in model systems - Caenorhabditis elegans and Arabidopsis thaliana where the 
putative homolog of atAGO3 maintains multigenerational epigenetic inheritance, and the 
disruption of atAGO1 gene leads to severe phenotypic abnormalities and misregulated 
gene expression, respectively (Vaucheret, Vazquez et al. 2004, Kurihara, Kaminuma et 
al. 2009, Buckley, Burkhart et al. 2012). Noteworthy, we observed a significant inverse 
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Pearson's correlation between the log2fold change in braAGO1 expression (TR vs CT) 
and a number of differentially expressed genes in every tissue of parental stressed B. rapa 
plants and leaf tissues of the progeny (r = -0.89), which conceivably may suggest for the 
global regulatory function of braAGO1 in B. rapa plants. 
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Table 4.4.10. Changes in the expression of miRNAs and their putative targets 
in response to heat stress in the endosperm of B. rapa plants 
miRNA 
miRNA 
log2FC, TR 
vs CT 
Gene ID of 
the putative 
target 
Gene 
log2FC, 
TR vs CT 
Predicted 
miRNA’s 
mode of 
action 
SWISS-PROT 
annotation 
bra-miR167 4.37 Bra015704 0.86 
Translation 
inhibition 
TM1L2_XENLA TOM1-
like protein 2 
OS=Xenopus laevis 
GN=tom1l2 PE=2 SV=1 
bra-miR167 4.37 Bra002277 -1.25 
mRNA 
cleavage 
TDRD3_CHICK Tudor 
domain-containing 
protein 3 OS=Gallus 
gallus GN=TDRD3 PE=2 
SV=1 
bra-miR167* 5.29 Bra025064 5.84 
mRNA 
cleavage 
GDL82_ARATH GDSL 
esterase/lipase At5g45670 
OS=Arabidopsis thaliana 
GN=At5g45670 PE=2 
SV=1 
bra-miR167* 5.29 Bra005019 2.28 
Translation 
inhibition 
RCA_ARATH Ribulose 
bisphosphate 
carboxylase/oxygenase 
activase, chloroplastic 
OS=Arabidopsis 
bra-miR168 6.48 Bra032254 -1.56 
mRNA 
cleavage 
AGO1_ARATH Protein 
argonaute 
OS=Arabidopsis thaliana 
GN=AGO1 PE=1 SV=1 
bra-
miR171a-1 
14.89 Bra039431 0.79 
Translation 
inhibition 
PRS6A_BRACM 26S 
protease regulatory 
subunit 6A homolog 
OS=Brassica campestris 
GN=TBP1 PE=2 SV=1 
 
Gene target prediction for miRNAs was done using the psRNATarget program for 
the Brassica rapa CDS library v 1.1 (Dai and Zhao 2011). Log2FC – log2fold change, 
TR vs CT. Statistical significance was calculated using the Benjamini-Hochberg method, 
q<0.2. * - denotes a complementary strand of the corresponding mature miRNA. 
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Table 4.4.11. The expression profile of mature miRNAs of miR168 class in 
tissues of heat-stressed B. rapa parental plants and untreated progeny 
miRNA Sequence of mature miRNA 
Position of the 
miRNA gene on the 
chromosome 
Tissue 
Log2FC, 
TR vs CT 
q-
value 
bra-
miR168a- 
1 
5΄-TCGCTTGGTGCAGGTCGGGA-3΄ 
A01:5386102.. 
5386238 
(+strand) 
A03:23663743.. 
23663871 
(+strand) 
A06:25071499.. 
25071634 
(- strand) 
A08:10924553.. 
10924689 
(+ strand) 
A09:12975267.. 
12975402 
(+ strand) 
E-value=0.001 
Leaves 0.58 1 
Inflorescence 
meristem 
0.05 1 
Pollen 1.19* 0.04 
Unfertilized 
ovules 
-0.54 1 
Fertilized 
ovules 
-0.62 1 
Embryo 0.61 1 
Endosperm 3.42* 0.41 
Progeny -0.58* 0.93 
bra-
miR168a- 
2 
5΄-TCGCTTGGTGCAGGTCGGGAC-
3΄ 
A01:5386102.. 
5386238 
(+strand) 
A03:23663743.. 
23663871 
(+ strand) 
E-value =4E-04 
Leaves 0.61 1 
Inflorescence 
meristem 
0.06 1 
Pollen 1.18* 0.07 
Unfertilized 
ovules 
-0.88 1 
Fertilized 
ovules 
-0.89 1 
Embryo 0.51 1 
Endosperm 3.37* 0.29 
Progeny -1.57* 0.16 
bra-
miR168a- 
3 
 
5΄-TCGCTTGGTGCAGGTCGGGAA-
3΄ 
 
A06:25071499.. 
25071634 
(- strand) 
A08:10924553.. 
10924689 
(+ strand) 
A09:12975267.. 
12975402 
(+ strand) 
E-value = 
4E-04 
Leaves 0.51 1 
Inflorescence 
meristem 
0.30 1 
Pollen 1.06* 0.01 
Unfertilized 
ovules 
-0.81 1 
Fertilized 
ovules 
-0.42 1 
Embryo 0.56 1 
Endosperm 6.48* 0.05 
Progeny -0.71* 0.85 
 
The asterisks denote a significant difference in the expression as compared to 
controls (the Benjamini-Hochberg method, q<0.2). Positions of miRNA genes were 
retrieved using the BRAD – Brassica Genome Browser v 1.2  
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Table 4.4.12. Validation of bra-miR168a-1 and braAGO1 expression in tissues 
of heat-shock-stressed B. rapa parental plants and untreated progeny 
Tissue 
log2FC TR 
vs CT, bra-
miR168a-1 
expression, 
sequencing 
q-value, 
sequencing 
Normalized 
log2FC TR vs 
CT, bra-
miR168a-1 
expression, 
Northern Blot 
log2FC TR 
vs CT 
braAGO1 
expression, 
sequencing 
q-value, 
sequencing 
log2FC TR 
vs CT 
braAGO1 
expression, 
qPCR 
p-value, 
TR vs CT, 
qPCR 
Leaves 0.58 1 3.15 -0.08 1 0.74* 2.13E-02 
Inflorescence 
meristem 
0.05 1 -0.07 0.41 1 0.69* 6.00E-04 
Pollen 1.19* 0.04 0.36 0.64 1 1.08* 2.01E-04 
Unfertilized 
ovules 
-0.54 1 -0.21 -0.08 1 -0.81* 5.04E-03 
Fertilized 
ovules 
-0.62 1 0.64 -0.04 1 0.70* 1.26E-04 
Embryo 0.61 1 2.50 -0.77* 1.29E-02 -0.60* 4.12E-03 
Endosperm 3.42* 0.41 1.16 -1.56* 1.36E-04 -0.81* 1.23E-03 
Progeny -0.58* 0.93 -1.12 0.06 1 0.57* 2.03E-02 
Correlation, 
braAGO1 
expression vs 
bra-miR168a-
1, sequencing 
data 
Pearson's r = -0.66 
 
The asterisks denote a significant difference in the expression as compared to 
controls (the Benjamini-Hochberg method, q<0.2 and the Student’s t-test, P<0.05 for 
sequencing and qPCR data, respectively). Log2FC – estimated log2 value of fold change 
for treated plants versus controls. 
 
 
 
Figure 4.4.15. Small RNA Northern blot of bra-miR168 in heat-shock-
stressed B. rapa parental tissues and untreated progeny 
A – CT Leaves, B – TR Leaves, C – CT Inflorescence meristem, D – TR 
Inflorescence meristem, E – CT Pollen, F – TR Pollen, G – CT Unfertilized ovules, H – 
TR Unfertilized ovules, I – CT Fertilized ovules, J – TR Fertilized ovules, K – CT 
Embryo, L – TR Embryo, M – CT Endosperm, N – TR Endosperm, O – CT Progeny, P – 
TR Progeny. Total RNA was used as a loading control. The probe was designed to 
hybridize to the consensus sequence of the mature bra-miR168 miRNAs.  
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4.5. DISCUSSION 
The main focus of this research was investigation of modulation of stress 
responses and substantial mitotic and meiotic propagation of stress memory in B.rapa 
plants. Global transcriptome and smRNAome profiling in HS-stressed parental and 
untreated progeny tissues manifested itself in the following key findings: a) heat stress 
treatment results in a tissue-specific gene expression response of the aerial part of B. rapa 
plants, with the endosperm and embryo being the most transcriptionally labile tissues, 
and reproductive tissues being the least labile ones as compared to controls; b) major 
alterations of the transcriptome profile in the endosperm and embryo is not propagated 
into the next generation, albeit a considerable differential expression of genes is also 
detected in the progeny of stressed plants as compared to controls; c) most of the altered 
genes are unique for every tissue examined, with the highest degree of overlap being 
observed between embryo and endosperm; d) genes involved in stress response and 
protein metabolic process constitute the major fraction of the altered transcriptome in all 
tissues except ovules; e) the general composition of smRNA libraries is unique for every 
tissue examined and is not acutely affected by HS treatment; f) a vast majority of smRNA 
sequencing reads are 21 and 24 nt-long in all tissue libraries of B. rapa plants; g) 24 nt-
long sequencing reads constitute a predominant fraction of gene- and transposon mapped 
smRNAs; h) pollen, endosperm and progeny of heat-stressed B. rapa plants demonstrate 
the highest alterations in the smRNAome profile as compared to controls; i) MiR168 and 
braAGO1 gene are putative mediators of stress-induced transgenerational epigenetic 
memory in B. rapa plants. 
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4.5.1. Embryo and endosperm demonstrate the most pronounced oscillations 
in the trancriptome profile after heat shock stress 
A tissue-specific perturbation of gene expression in response to stress exposure 
has been previously shown in a number of plant species including Arabidopsis (Prandl, 
Kloske et al. 1995, Nylander, Svensson et al. 2001, Iyer-Pascuzzi, Jackson et al. 2011), 
wine grape Vitis vinifera (Tillett, Ergul et al. 2011), diploid cotton Gossypium arboretum 
(Zhang, Yao et al. 2013), Nicotiana plumbaginifolia (Castresana, de Carvalho et al. 1990) 
and Brassica napus (Dong, Keller et al. 2004). In the current study, we observed tissue-
dependent fluctuations of the transcriptome in response to stress in B. rapa plants, by 
using the massive parallel sequencing technology (Figure 4.4.1 and Figure 4.4.2). For the 
first time to our knowledge, we demonstrated a comprehensive profile of gene expression 
following heat shock in somatic and reproductive parental tissues and in the untreated 
progeny of plants. More importantly, we found that the highest oscillations of gene 
expression were observed not in parental tissues that were directly exposed to stress (such 
as leaves) but in developmentally distant untreated seeds, suggesting the existence of a 
mitotically and meiotically transmitted signal of plant stress response (Figure 4.4.1). A 
handful of messengers have been implicated in heat stress response (HSR) in plants that 
include reactive oxygen species (ROS) (Larkindale and Huang 2004, Larkindale, Hall et 
al. 2005), Ca2+ cations (Liu, Sun et al. 2005), and phytohormones such as abscisic acid 
(ABA), salicylic acid (SA) and ethylene (Larkindale and Huang 2004, Larkindale, Hall et 
al. 2005, Larkindale, Mishkind et al. 2007). At present, among them only ROS was 
shown to mediate systemic signalling of heat stress (Miller, Schlauch et al. 2009), albeit 
the rest of mediators can also contribute to long-distance signalling in plants (Heil and 
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Ton 2008, Jung, Tschaplinski et al. 2009). Regardless of the signal’s nature, in our 
experiments, their action resulted in the priming of an array of genes in somatic and 
reproductive tissues of stressed plants that enigmatically culminated in a burst of 
transcription changes in the embryo and endosperm (Figure 4.4.1). Alternatively, less 
pronounced HSR of gene expression observed in the inflorescence meristem and 
reproductive tissues of stressed B. rapa plants indicates a more stringent regulation of 
gene expression in these tissues as compared to the embryo and endosperm (Figure 
4.4.1).  
Unfortunately, reports indicating transcriptome changes in reproductive tissues of 
plants in response to stress are scarce. A single study conducted on mature pollen treated 
with 0°C for 72 hours reported insignificant oscillations in the transcriptome profile of 
pollen as compared to vegetative leaf tissue (Lee and Lee 2003). This is consistent with 
our data demonstrating only three genes to be differentially expressed following HS 
treatment in pollen (Figure 4.4.1C). Transcriptional quiescence of pollen is presumably 
due to the lack of resources in the pollen grain required to initiate stress response, 
suggesting that messengers of transgenerational epigenetic inheritance are deposited 
throughout gametogenesis and are not obtained during pollen migration. On the other 
hand, the lack of substantial oscillations in the transcriptome profile in exposed ovules as 
compared to controls can be simply due to the abortion of severely affected ovules to 
facilitate shunting of resources from reproductive activities into metabolic reactions that 
increase stress tolerance (Sun, Hunt et al. 2004, Young, Wilen et al. 2004, Hedhly 2011). 
The remaining survived ovules, apparently acquired an epigenetic signal that was 
transmitted to the embryo and endosperm. Curiously, 94.58% and 19.48% of 
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differentially expressed genes were common in the stressed embryo and endosperm, 
respectively, suggesting that the additional maternal genome contributes to substantial 
fluctuations in the endosperm transcriptome (Figure 4.4.2C and D). This finding is in 
agreement with the previous report demonstrating that the maternal genome in the 
Arabidopsis endosperm is substantially less methylated than the paternal genome in the 
CpG context. At the same time, there were no significant differences in DNA methylation 
between parental genomes in the Arabidopsis embryo (Ibarra, Feng et al. 2012). 
Differential DNA methylation at cytosine residues is responsible for tissue-
specific patterns of gene expression and effective responses to stress (Zhang, Kimatu et 
al. 2010). In studies on human tissues, a significant correlation was reported between 
DNA hypomethylation and tissue-specific transcription (Schilling and Rehli 2007). 
Unfortunately, similar systemic investigations in plants are not available yet (Zhang, 
Kimatu et al. 2010), albeit a drastic response of endosperm to heat sock observed in our 
study can be attributed to the naturally occurring genome-wide demethylation mediated 
by DEMETER (DME) DNA glycosylase that was recently reported to occur in 
Arabidopsis and maize (Gehring, Bubb et al. 2009, Hsieh, Ibarra et al. 2009, Waters, 
Makarevitch et al. 2011). Nevertheless, taking into account that in our experiment, plants 
were exposed to heat stress during the vegetative stage for a relatively short period of 
time, the question remains: how do the progeny of stressed plants inherit the memory of 
stress exposure at the molecular level? In invertebrate animals Drosophila and C. 
elegans, mediators of transgenerational inheritance, include the ACTIVATION 
TRANSCRIPTION FACTOR-2 (ATF-2) that functions in hetero-chromatin nucleation 
(Seong, Li et al. 2011) and an Argonaute protein that associates with small interfering 
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RNAs in the germ cells of progeny (Buckley, Burkhart et al. 2012). Numerous examples 
of transgenerational inheritance in angiosperms undoubtedly suggest the existence of 
analogous messengers in plants (Boyko, Blevins et al. 2010, Bilichak, Ilnystkyy et al. 
2012, Luna, Bruce et al. 2012, Rasmann, De Vos et al. 2012, Slaughter, Daniel et al. 
2012). As such, they presumably act to prime the stress-specific genes for providing 
faster and more pronounced changes in transcription if akin exposure is encountered by 
offspring of stressed plants (Kathiria, Sidler et al. 2010, Luna, Bruce et al. 2012). 
Consistent with this notion, we detected a higher enrichment of stress-related genes in the 
fraction of differentially expressed genes in the progeny of stressed plants as compared to 
the parental tissues, which argues against a stochastic nature of epigenome variability 
(54.29% of stress-related genes out of the total number of differentially expressed genes, 
Figure 4.4.4C).  
Recently, we have shown that plants impaired in smRNA metabolism lack the 
ability to transmit memory of stress exposure to the next generation (Boyko, Blevins et 
al. 2010). Additionally, previous reports have provided an explicit proof that smRNAs of 
virtually all size classes are mobile and are able to move over long distances in 
Arabidopsis and presumably in other plant species (Lin and Chiou 2008, Pant, Buhtz et 
al. 2008, Dunoyer, Brosnan et al. 2010, Dunoyer, Schott et al. 2010, Molnar, Melnyk et 
al. 2010). Hence, systemic epigenetic signals initiated by smRNAs in response to stress 
can seemingly make an imprint on the chromatin in germline cells and eventually be 
transferred to the following generation. To further scrutinize the mechanisms underlying 
transgenerational inheritance via smRNAs in plants, we sequenced smRNAome of the 
progeny and parental B. rapa plants subjected to HS. 
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4.5.2. Pollen exhibits tissue-dependent smRNAome fluctuations in response to 
heat shock  
Regulatory small RNAs are vital components of the plant transcriptome used both 
to fine-tune gene expression and to guard the genome against an undesirable activity of 
exogenous or endogenous nucleic acids (Axtell 2013). Currently, two main classes of 
mature smRNAs that differ functionally and in their mode of biogenesis are recognized in 
plants, namely, small interfering RNAs (siRNAs) and microRNAs (miRNAs) (Axtell 
2013). Whereas siRNAs predominantly derive from the dsRNA precursors generated by 
the RNA-dependent RNA (RDR) polymerase from a truncated RNA, miRNAs originate 
from single-stranded RNAs that possess an intramolecular, self-complementary hairpin 
structure. Both classes regulate gene expression; siRNAs primarily act at the 
transcriptional level by guiding DNA methylation at complementary loci, while miRNAs 
act at the post-transcriptional level either by targeting complementary transcripts for 
degradation or by translational inhibition. 
In numerous flowering plants examined to date, 24 nt-long heterochromatic 
siRNAs (hc-siRNA) comprise the overwhelming majority of smRNA transcriptome 
(Nobuta, Lu et al. 2008, Wu, Zhou et al. 2010, Korbes, Machado et al. 2012, Axtell 
2013). In our study, a vast amount of smRNAs were in the 24 nt-long fraction followed 
by the 21 nt-long fraction of reads in all libraries except leaves (Figure 4.4.6). The 
prevailing dominance of 21-mers in leaf tissues of parental plants and progeny of B. rapa 
plants is apparently due to the high redundancy of 21 nt-long reads, specifically in leaves 
(data not shown). 
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Mapping of smRNAs to transposable elements and genic regions confirmed the 
previous findings that the 24 nt smRNAs encompass a major fraction of siRNAs for all 
tissues except pollen (Figure 4.4.7 and Figure 4.4.8). Pollen-derived sequencing reads 
demonstrated a singularity of smRNA length distribution mapped to the gene and 
transposon regions as compared to other B. rapa tissues. Gene-mapped smRNAs 
demonstrated the accumulation of sequencing reads with a length less than 19 nt (Figure 
4.4.7C), conceivably the products of mRNA degradation or yet undiscovered pollen-
specific regulatory RNAs. Previously, using a microarray transcriptome analysis of 
mature Arabidopsis pollen, it has been shown that less than half of the transcripts are 
present in pollen as compared to the vegetative tissue (Pina, Pinto et al. 2005). Curiously, 
the major peak of smRNA reads spanning a region from 17 to 19 nucleotides in the gene-
mapped smRNAs was shifted towards the 19 nt-long reads in the control transposon-
mapped smRNA pollen library (Figure 4.4.8C). In Arabidopsis pollen, the 21-22 nt-long 
smRNAs are predominantly generated in the vegetative nucleus, that is sacrificed by 
allowing rampant transposon expression concomitant with global DNA demethylation 
(Slotkin, Vaughn et al. 2009, Calarco, Borges et al. 2012). Subsequently, these 21-22 nt 
siRNAs guide RNA-dependent DNA methylation at non-symmetrical CpHpH sequences 
in sperm cells in order to reinforce silencing of transposons. In our experiment, 21-22 nt 
smRNA reads remained at the same level after HS as compared to controls, although the 
19, 20 and 24 nt-long smRNAs demonstrated significant oscillations in the expression as 
compared to controls (Figure 4.4.8C). We also observed a reciprocal response in the 
smRNA read distribution in pollen, with the down-regulation of 19 and 20 nt-long 
fractions and the up-regulation of 24 nt-long fractions of smRNAs following HS. Neither 
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unfertilized nor fertilized ovules responded with significant fluctuations in the smRNA 
length distribution, albeit the smRNA pathways have been shown to be functional in 
Arabidopsis egg cells (Figure 4.4.6D and E) (Wuest, Vijverberg et al. 2010). Curiously, 
the fertilization of the embryo sac resulted in slight perturbations in the smRNA profile 
with a vast majority of repeat-derived sequencing reads (19 out of 27 unique sequencing 
reads) as compared to controls and unfertilized ovules (Figure 4.4.10D and E). Whereas a 
comparison of unique altered sequencing reads between pollen and fertilized ovules 
returned only one common siRNA, seven out of 14 genes were found to be a common 
source of siRNAs in pollen and fertilized ovules. This finding partially confirms a 
previous report that the vegetative nucleus which does not contribute genetic material to 
the progeny is the primary source of smRNAs in pollen (Calarco, Borges et al. 2012). 
Also it provides new evidence of a transcriptionally quiescent response of the embryo sac 
to stress in plants that can be a prerequisite for the maintenance of genome stability in the 
harsh environmental conditions. 
 
4.5.3. MiR168 is a putative messenger of transgenerational stress memory 
inheritance in B. rapa plants 
Whereas siRNAs, with a few exceptions (Dunoyer, Brosnan et al. 2010, McCue, 
Nuthikattu et al. 2012), are known to suppress predominantly TE activity in the genome, 
miRNAs are well-characterized regulatory elements of gene expression in plants and 
animals (Axtell 2013). The biogenesis of miRNAs starts with the primary miRNA 
transcripts (pri-miRNA) that are transcribed from specific non-protein-coding MIR genes 
by Pol II and fold to form imperfectly paired stem-loops (Martinez de Alba, Jauvion et al. 
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2011). The pri-miRNA is further processed into the pre-miRNA intermediate and mature 
miRNA with the help of the RNAseIII protein DCL1 and several other proteins, 
including the Cap-binding proteins CBP20 and CBP80/ABH1, the zinc finger protein 
SERRATE (SE), the double-stranded RNA-binding protein DRB1/HYL1, and the 
smRNA export protein HASTY (Zhu 2008, Xie, Khanna et al. 2010). Eventually, mature 
miRNAs are picked up by ARGONAUTE (AGO) proteins and act in trans as the 
sequence-specific guides to modulate the stability and expression of partially 
complementary mRNAs.  
The Arabidopsis genome encodes 10 AGO proteins, most of which demonstrate a 
clear bias towards a specific class of smRNAs depending on the size and 5΄-terminal 
nucleotide composition (Vaucheret 2008). Curiously, one of the AGO proteins – AGO1 – 
plays a principal role in both the siRNA- and miRNA-guided modulation of gene activity, 
which is further supported by severe developmental defects exhibited by Arabidopsis 
plants carrying hypomorphic and null ago1 alleles (Bohmert, Camus et al. 1998, Morel, 
Godon et al. 2002, Kidner and Martienssen 2004). As a result of the global importance of 
AGO1 in plant homeostasis and development, its expression is firmly modulated in both 
an AGO1- and a PNH/ZLL/AGO10-specific way by negative feedback loops involving 
miR168 and AGO1-derived siRNAs (Vaucheret, Vazquez et al. 2004, Vaucheret, 
Mallory et al. 2006, Mallory, Hinze et al. 2009, Mallory and Vaucheret 2009). Recently, 
the cyclophylin protein SQUINT (SQN) (Smith, Willmann et al. 2009) and the F-box 
protein FBW2 (Earley, Smith et al. 2010) have been also implicated in the regulation of 
AGO1. Moreover, the evolutionary conservation and importance of AGO1 in the 
antiviral defence system in plants resulted in the development of p19-mediated RNA-
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silencing suppression by Tombusvirus that elevates miR168 expression in virus infected 
plants and subsequently leads to a decrease in the level of AGO1 protein and limits the 
effect of host-mounted RNA-silencing defence (Varallyay, Valoczi et al. 2010). 
Therefore, the AGO1 protein in Arabidopsis is highly versatile, even though it is 
currently unknown how it distinguishes between certain classes of smRNAs (McCue, 
Nuthikattu et al. 2012).  
A negative feedback loop of AGO1 regulation mediated by miR168 is of 
particular interest since miR168 expression is altered by numerous  environmental 
perturbations such as salt, drought, cold, heat, hypoxia, UVB stresses and ABA 
treatments in a number of plant species including poplar (Populus trichocarpa), tobacco 
(Nicotiana tabacum), Arabidopsis, maize (Zea mays), and rice (Oryza sativa) (Li, Oono 
et al. 2008, Ding, Zhang et al. 2009, Jia, Wang et al. 2009, Jia, Mendu et al. 2010, Zhou, 
Liu et al. 2010, Li, Cui et al. 2012, Sunkar, Li et al. 2012). In our study we observed a 
differential expression of bra-miR168 following HS in parental tissues that was 
negatively correlated with braAGO1 transcript levels in the corresponding tissues 
(Pearson’s r=-0.66, Table 4.4.12). More importantly, the down-regulation of bra-miR168 
along with other stress-responsive miRNAs was subsequently observed in the untreated 
progeny of stressed B. rapa plants (Table 4.4.7).  
Mature miRNAs belonging to the three conserved MIR gene families: miR167, 
miR390 and miR168 were common among differentially expressed miRNA datasets of 
pollen, endosperm and progeny (Table 4.4.9). MiR167 and miR390 have been previously 
implemented in the regulation of auxin response transcription factors (ARFs), and they 
are responsive to abiotic stress in Arabidopsis plants (Covarrubias and Reyes 2010, 
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Khraiwesh, Zhu et al. 2012, Kinoshita, Wang et al. 2012). Our work has shown that these 
miRNAs also respond to heat stress in systemic tissues of B. rapa plants with the up-
regulation of mature miRNA levels (Tables 4.4.5, 4.4.6, 4.4.7) (Sunkar, Li et al. 2012). 
Unexpectedly, the overwhelming majority of differentially expressed smRNAs were 
down-regulated in the progeny of stressed plants as compared to controls (338 out of 376, 
Figure 4.4.10), which was concomitant with a slight up-regulation of gene expression 
(Figure 4.4.1). Taking into consideration that smRNAs act strictly by down-regulation of 
gene expression, we can speculate that their progressive depletion provides a capacity for 
an organism to up-regulate the required gene expression without the ultimate smRNA-
mediated transcript degradation. Furthermore, the removal of such post-transcriptional 
restraints along with locus-specific demethylation can be the cause of transgenerational 
priming of stress-responsive genes previously described in offspring of stressed plants 
(Luna, Bruce et al. 2012).   
Curiously, the examination of bra-miR168a-1 accumulation in response to stress 
revealed developmental oscillations in its expression that culminated in overexpression in 
the endosperm and a decline in the progeny (Table 4.4.12). On the contrary, a decrease in 
bra-miR168 accumulation did not lead to a significant over expression of braAGO1 
transcripts as compared to controls (sequencing data), which suggests that the 
transcriptional activity of the braAGO1 promoter remained constant in systemic tissues 
regardless of stress. Hence, consistent with the negative feedback loop mechanism of 
AGO1 regulation, it brings us to the conclusion that miR168 can be mitotically or 
meiotically transmitted from leaves to pollen after stress exposure. Alternatively, miR168 
can presumably be conveyed to the gametes through the phloem since both mature 
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miR168 and a passenger strand along with other miRNAs have been previously detected 
in the phloem sap of B. napus plants (Buhtz, Springer et al. 2008). In our experiment, 
only the mature miR168 strand was detected.  
Recently, it has been hypothesized that in addition to being important for the 
establishment of imprinted expression, endosperm hypomethylation also provides a 
mechanism to reinforce silencing of transposable elements in adjacent embryo tissues by 
supplying smRNAs (Mosher, Melnyk et al. 2009, Mosher and Melnyk 2010, Wuest, 
Vijverberg et al. 2010). Nevertheless, in our experiment, we failed to detect the 
significantly altered smRNAs common for the embryo and endosperm of exposed plants. 
Hence, we proposed an alternative hypothesis whereby the considerably overexpressed 
smRNAs conveyed to embryo might perform their regulatory activity followed by the 
rapid degradation. A comparison of the putative predicted gene targets of differentially 
expressed miRNAs in the endosperm and the significantly altered transcripts in the 
embryo revealed only one common target – Bra032254 which is an Arabidopsis AGO1 
homologue (E-value = 2e-99, Max identity = 95%, Table 4.4.10). Although it still 
remains to be validated whether braAGO1 maintains the same functions as Arabidopsis 
homologue, it is an interesting finding that conceivably suggests that miR168 and AGO1 
are possible bandmasters of transgenerational stress memory inheritance in plants. 
Consistent with this notion, we observed an inverse Pearson's correlation for the 
expression of braAGO1 gene and alterations in the transcriptome profile of the 
corresponding tissue in parental exposed plants and untreated progeny (r=-0.89, for the 
total number of differentially expressed genes and braAGO1 log2fold changes, TR vs CT 
in the corresponding tissue). At the same time, we did not observe a comparable with 
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braAGO1 Pearson's correlation for the other epigenetic-related genes: putative DNA-
DIRECTED RNA POLYMERASE E, r=0.65; putative methyltransferase CMT2, r=0.63; 
and putative lysine-specific demethylase JMJ14, r=-0.67. 
For the first time to our knowledge, by using a massive parallel sequencing 
technology, we provide evidence of transgenerational stress memory inheritance both at 
the transcriptome and smRNAome levels in plants. More importantly, we also suggest 
that miR168 is a possible messenger that mediates meiotic epigenetic inheritance in 
plants. Further transgenerational stress experiments involving the Arabidopsis 
hypomorphic ago1 mutants will shade new light on its contribution to epigenetic 
inheritance in plants. 
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4.6. SUMMARY 
The current work was aimed at analyzing the influence of stress on the mRNA 
and smRNA transcriptome profile of somatic and reproductive tissues in plants and 
finding putative messengers of trangenerational stress memory, the occurrence of which 
we previously observed in Arabidopsis plants (Boyko, Blevins et al. 2010, Bilichak, 
Ilnystkyy et al. 2012). In the process, we also assembled the comprehensive smRNA and 
mRNA libraries for seven aerial B. rapa tissues: leaves, inflorescence meristem, pollen, 
unfertilized ovules, 24-hour-post fertilization ovules, embryo and endosperm under 
normal conditions and in response to HS. Generated sequencing data will be 
subsequently uploaded into publicly available sequencing depositories. 
Overall, we observed that direct and paternal HS treatments of B. rapa plants had 
a profound tissue-specific effect on the smRNA and mRNA abundance. The highest 
oscillations in the transcriptome profile were observed not in the directly exposed tissues 
such as leaves but in the endosperm and embryo. This is a novel finding demonstrating a 
global priming of genes in plant systemic tissues. The data obtained in this work also 
reveal that plants can maintain the epigenetic memory of a single relatively short-term, 
mild stress exposure during the complete life cycle at the levels of gene and smRNA 
expression.   
In the current study, we also provide a new evidence of trangenerational 
inheritance of stress exposure in plants. Using Illimina GAIIx sequencing, we 
demonstrate that stress-induced transgenerational inheritance is more pronounced at 
smRNA levels rather than at gene expression levels. This novel finding partially supports 
our hypothesis of smRNAs as putative transgenerational epigenetic messengers, albeit 
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alterations in their expression can be the outcome but not the cause of chromatin 
fluctuations that were not examined in this study. 
We have suggested that miR168 with its target AGO1 are putative messengers of 
transgenerational epigenetic inheritance in plants. After overexpression in directly 
exposed leaves, the level of miR168 can be conceivably maintained throughout multiple 
cell divisions and/or eventually be conveyed to pollen.  Along its journey, it triggers the 
modulation of braAGO1 expression in tissues, which results in global oscillations in gene 
expression. Eventually, as a consequence of the self-regulatory feedback loop, the 
expression of miR168 culminates in the embryo and endosperm, thus significantly 
reducing the levels of braAGO1 transcripts and along with global DNA hypomethylation, 
(Gehring, Bubb et al. 2009) inducing mis-regulation of genes in exposed plants. A 
decline in braAGO1 expression in the embryo and endosperm required for miR168 
stabilization (Vaucheret, Mallory et al. 2006) leads to a significant decrease in miR168 
accumulation, which eventually brings braAGO1 transcripts to the control level in 
untreated progeny. Unfortunately, due to the lack of necessary equipment for performing 
laser capture dissection (Casson, Spencer et al. 2005), we were unable to separate an egg 
mother cell and central cell. Therefore, we were not able to distinguish fluctuations in the 
transcriptome and smRNAome in these two cells and in the rest of the ovule. Thus, it is 
vague to speculate why a significant overexpression of miR168 observed in pollen 
(sequencing data) was not passed on to fertilized ovules. The hypothesis of the 
involvement of miR168 and AGO1 in transgenerational epigenetic memory inheritance in 
plants awaits further confirmation. 
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5. APPLIED PLANT EPIGENETICS: REVEALING THE 
CONTRIBUTION OF THE EPIGENETIC MACHINERY TO PLANT DEFENCE 
SYSTEMS AGAINST AGROBACTERIUM-MEDIATED TRANSFORMATION 
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5.1. ABSTRACT 
The epigenetic pathway involved in the regulation of foreign and parasitic nucleic 
acid activities that is termed RNA silencing is part of antiviral defence in plants. We 
hypothesized that the RNA silencing machinery is also involved in the protection against 
a single-stranded T-DNA of Agrobacterium tumefaciens, a plant pathogen that is widely 
used in plant transgenesis. Here, we provide evidence that plants utilize a similar small 
interfering RNA pathway against both viruses and Agrobacterium pathogens. Using 
mutants compromised in either transcriptional or posttranscriptional gene-silencing 
pathways, two inhibitors of stable transformation were revealed – AGO2 and NRPD1a. 
Mutants of these genes exhibit a decrease in global DNA methylation and elevated levels 
of DNA strand breaks. We further demonstrate that the Tobacco rattle virus (TRV) -
based virus-induced gene silencing (VIGS) technique can be successfully used to 
transiently down-regulate the expression of both genes in reproductive organs of 
Arabidopsis, thus allowing to increase transformation rate. Additionally, we provide 
evidence that infection of Arabidopsis with an empty TRV vector increases the number 
of transgene integration events almost by threefold. These findings further support the 
idea that plants utilize similar epigenetic pathways against foreign nucleic acids 
irrespective of their origin. 
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5.2. INTRODUCTION 
The advancement of plant transgenesis techniques that allow the delivery and 
expression of foreign genes in plant cells resulted in engineering of transgenic plants with 
enhanced pest resistance,  elevated tolerance to harsh environmental conditions, and the 
superior quality of seeds and fruits (Herrera-Estrella, Simpson et al. 2005, Tsaftaris, 
Polidoros et al. 2008). Among transformation techniques available at the present time 
Agrobacterium tumefaciens (Agrobacterium) – mediated transgene delivery is considered 
to be the most efficient and reproducible method of dicotyledonous plants (dicots) 
transformation (Windels, Buck et al. 2008). Agrobacterium is a natural plant pathogen 
that exploits a horizontal gene-transfer system to deliver a portion of its DNA in a single-
stranded form, known as transferred DNA (T-DNA), into plant cells (Tzfira and Citovsky 
2006). The integration of T-DNA into genomic DNA (gDNA) conceivably requires 
broken DNA and eventually leads to the development of tumours with the altered 
auxin/cytokinin balance and overexpression of opines produced by the T-DNA-encoded 
enzymes (Escobar and Dandekar 2003). Agrobacterium can thrive in the resulting tumour 
by metabolizing opines. This unique ability of Agrobacterium to deliver a portion of its 
DNA to the plant genome has been widely exploited for transient and stable plant 
transformation by using the oncogene-free or ‘disarmed’ T-DNAs. However, transgenes 
within the T-DNA are often either poorly expressed or not expressed at all in the plants 
predominantly owing to the RNA silencing of the transgenes (Dunoyer, Himber et al. 
2006). 
Methylation of transgenic DNA directed by viral RNA was discovered two 
decades ago in transgenic tobacco plants, long before the role of the RNA interference 
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(RNAi) and small RNAs (smRNAs) was known (Wassenegger, Heimes et al. 1994). 
Nowadays, two major overlapping pathways are recognized that epigenetically modulate 
endogenous and exogenous gene activities: posttranscriptional gene silencing (PTGS) 
and transcriptional gene silencing (TGS). Both pathways have been implemented in 
counteracting viral infection, preventing transposon mobility, and regulating endogenous 
gene and transgene expressions (Raja, Sanville et al. 2008, Castel and Martienssen 2013).  
The inhibiting action of the TGS and PTGS defence pathways on transgene 
expression is one of the main challenges for plant genetic engineering. The solution may 
come from studies performed by using viral plant pathogens that evolved a wide variety 
of viral suppressors of RNA silencing to counteract both the TGS and PTGS pathways in 
plants (Burgyan and Havelda 2011). For instance, the overexpression of the Turnip 
crinkle virus P38 protein in Arabidopsis thaliana (Arabidopsis) plants specifically 
inhibits the production of small interfering RNAs (siRNAs) from inverted repeats or 
sense transgenes and significantly enhances the plant’s susceptibility to the virulent 
Agrobacterium strain as compared to control plants (Dunoyer, Himber et al. 2006). 
Furthermore, co-expression of the P19 protein of tombusviruses that prevents RNA 
silencing by binding viral siRNAs with high affinity (Silhavy, Molnar et al. 2002) 
enhances the expression of proteins from T-DNA by 50-fold (Voinnet, Rivas et al. 2003). 
Hence, it is obvious that plants utilize the similar epigenetic defence pathways against 
viruses and Agrobacterium-mediated transformation, however unlike viruses, 
Agrobacterium did not evolve suppressors of RNA silencing (at least it was not 
discovered yet).  
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Curiously, the mode of action of Agrobacterium to deliver its T-DNA into the 
plant cell closely resembles that of viral plant pathogens belonging to the viral 
Geminiviridae family (geminiviruses). For instance, both Agrobacterium and 
geminiviruses deliver ssDNA that does not encode any polymerases and therefore 
depends on the host machinery for replication and transcription (Buchmann, Asad et al. 
2009). At the same time, whereas geminiviruses carry and transfer a circular ssDNA, 
Agrobacterium transfers a linear T-DNA to its host, albeit recently it has been shown that 
complex extrachromosomal T-DNA structures, including circular T-DNA molecules, are 
formed in Agrobacterium-infected plant cells immediately after infection (Krupovic, 
Ravantti et al. 2009, Singer, Shiboleth et al. 2012). This finding allowed the authors to 
speculate that prior to integration, a single-stranded linear T-DNA is converted into a 
double-stranded form by host polymerases, followed either by integration, circularization 
or formation of extrachromosomal structures that eventually may integrate into the plant 
genome. The behaviour of the Agrobacterium T-DNA further overlaps with biogenesis of 
the viral DNA whereby ssDNA is copied by complementary strand replication (CSR) to 
double-stranded covalently closed circular DNA (cccDNA) that is later reproduced by 
rolling circle replication (RCR) and recombination-dependent replication (RDR), thus 
generating large amounts of heterogeneous linear dsDNAs (Paprotka, Deuschle et al. 
2011). Although both processes take place in the nucleus, unlike the Agrobacterium T-
DNA associated with bacterial proteins, the viral DNA has not been reported to have any 
integrase activity (Liu, Fu et al. 2011). Nevertheless, a recent systematic search for 
sequences similar to the viral circular ssDNA in publicly available databases of 
eukaryotic genome revealed that virus-related sequences of geminiviruses, nanoviruses 
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and circoviruses have been frequently transferred to a broad range of eukaryotic species, 
including plants, fungi, animals and protists (Liu, Fu et al. 2011). To be retained across 
generations, such transfer had to occur either in somatic predecessors of gametes or 
directly in germ cells, which resembles the ability of Agrobacterium to deliver the T-
DNA to the nucleus of both somatic cells and female gametes (Ye, Stone et al. 1999). 
Hence, bearing in mind that geminiviruses and Agrobacteria utilize similar intracellular 
pathways to invade their host cells, we hypothesized that both pathogens trigger an 
analogous epigenetic immune response in plants.   
Recent reports have provided an explicit proof of the epigenetic nature of plant 
defence pathways against geminiviruses (Raja, Sanville et al. 2008, Buchmann, Asad et 
al. 2009, Rodriguez-Negrete, Carrillo-Tripp et al. 2009, Paprotka, Deuschle et al. 2011, 
Zhang, Chen et al. 2011). Moreover, both the TGS and PTGS pathways have been 
implemented in counteracting the viral infection. A number of epigenetic mutants 
impaired in the maintenance of global DNA methylation and small RNA metabolism 
were highly susceptible to the Cabbage leaf curl virus (CaLCuV, genus Begomovirus) 
and Beet curly top virus (BCTV, genus Curtovirus) belonging to geminiviruses (Raja, 
Sanville et al. 2008). Similarly, an increase in Agrobacterium-mediated plant 
transformation efficiency may possibly be achieved by manipulating the expression of 
genes that have been shown to participate in antiviral epigenetic defence. We 
hypothesized that mutants that are highly susceptible to viral infection might also be 
prone to Agrobacterium-mediated transformation.  
Indeed, by using a floral dip transformation method, we revealed two inhibitors of 
stable plant transformation – AGO2 and NRPD1a that are involved in the PTGS and TGS 
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pathways, respectively. We found a threefold increase in the rate of stable transformation 
in both mutants as compared to controls. An increase in transformation rates was 
paralleled by a decrease in global DNA methylation and an increase in the levels of DNA 
strand breaks, two marks that are assumed to favour high rates of Agrobacterium-
mediated transformation (Magori and Citovsky 2011, Gohlke, Scholz et al. 2013). Using 
a Tobacco rattle virus (TRV)-mediated virus-induced gene silencing (VIGS) system, we 
further demonstrate that the transient disruption of either AGO2 or NRPD1a genes in 
Arabidopsis wild-type (wt) plants can also considerably enhance a stable plant 
transformation efficiency. At the same time, we provide new evidence that an infection of 
Arabidopsis wt plants just with empty TRV leads to almost a threefold increase in 
transgene copy number in transgenic plants obtained after using Agrobacterium-mediated 
floral dip transformation method. At the same time, the amount of recovered transgenic 
plants was comparable to that in controls. Our findings further support the notion that 
defence pathways against virus and Agrobacteria infections overlap in plants. 
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5.3. MATERIALS AND METHODS 
5.3.1. Plant cultivation 
In this study, the following homozygous mutant Arabidopsis thaliana 
(Arabidopsis) lines of ecotype Columbia (Col-0) background were used: ago2-1 (Lobbes, 
Rallapalli et al. 2006), dcl3-1 (Blevins, Rajeswaran et al. 2006), dcl4-2 (Blevins, 
Rajeswaran et al. 2006), ddm1-2 (Jeddeloh, Stokes et al. 1999), nrpd1a-3 (Onodera, Haag 
et al. 2005), rdr2-2 (Vazquez, Vaucheret et al. 2004) and rdr6-1 (Xie, Johansen et al. 
2004). The Arabidopsis Col-0 was used as a wild-type (wt) control in all experiments. 
 Transgenic Arabidopsis line 15d8 (ecotype Col-0) homozygous for the 
luciferase-based recombination reporter construct (Ilnytskyy, Boyko et al. 2004) was 
crossed with either ago2-1 or nrpd1a-3 mutants and plants homozygous for the 
recombination reporter transgene, and the respective mutations were selected and used 
for further analysis. F3 and F4 generations derived from these crosses were used in all 
experiments. 
 
5.3.1.1. Growing Arabidopsis wild-type and mutant plants for 
transformation experiments 
Seeds from homozygous mutants and wt plants were planted on All purpose 
potting soil (Plant Etc; Lethbridge, AB, Canada) mixed with vermiculite in proportion: 
4:1 (The Professional Gardener Co LTD, AB, Canada) in 2x2 inch square pots. Soil 
mixture in the pots was pre-soaked once with Miracle-Gro fertilizer (Scotts Canada Ltd., 
Mississauga, ON, Canada) and was maintained continuouslly moist with tap water. Seeds 
were incubated at 4°C in darkness for 2 days to break dormancy, and then moved to a 
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growth chamber (Biochambers, model SPRS-1115, Winnipeg, MB, Canada). Over the 
duration of the experiment, plants were grown in high light conditions (32.8 µEm -2s-1) at 
22°C under a 16-hour light regime and at 18°C under an 8-hour dark regime under a 
constant humidity of 65%.  
 
5.3.2. Plant transformation techniques and screening for transgenic plants  
5.3.2.1. Agrobacterium-mediated floral dip transformation 
Arabidopsis stable transformation was performed using the previously described 
Agrobacterium-mediated floral dip method with some modifications (Clough and Bent 
1998). The Agrobacterium tumefaciens (Agrobacterium) strain GV3101 (pMP90) (Csaba 
and Jeff 1986) carrying the binary vector pCAMBIA3301 was used in all stable 
transformation experiments. Bacteria were grown to stationary phase in liquid culture at 
28°C, 180 rpm in sterilized YEP (10 g tryptone, 5 g yeast extract, 5 g NaCl per litre 
water) carrying added rifampicin (25 µg/ml), gentamycin (25 µg/ml) and kanamycin (50 
µg/ml). Cultures were typically started from a 1:100 dilution of smaller overnight 
cultures and grown for about 18–24 h. Cells were harvested by centrifugation for 20 min 
at room temperature at 4000 g and then re-suspended in the infiltration medium to a final 
OD600=0.80 prior to use. The floral dip inoculation medium contained 5.0% sucrose and 
0.005% Silwet L-77 (Lahile seeds, USA). For floral dip, the inoculum was added to a 
beaker, plants were inverted into this suspension so that all floral buds were submerged, 
and then plants were removed after 3–5 seconds of gentle agitation. Plants were left 
covered in the dark for two days in the growth chamber, after that the cover was 
removed. Plants were grown for a further 3–5 weeks until siliques were brown and dry, 
207 
 
keeping the bolts from each pot together and separated from neighbouring pots using 
garden wires and supporting sticks. Seeds were harvested from each plant separately and 
if necessary, were dried overnight at 37°C and used for screening of T1 transgenic plants 
with a glufosinate ammonium solution (see below). 
 
5.3.2.2. Screening for transgenic Arabidopsis plants using glufosinate 
ammonium 
Glufosinate ammonium is an active ingredient of several non-selective systemic 
herbicides that interferes with the biosynthetic pathway of the amino acid glutamine and 
with ammonia detoxification. Resistance to glufosinate ammonium is conferred by the 
bacterial BIALOPHOS RESISTANCE gene (BAR) encoding the enzyme phosphinotricin 
acetyl transferase (PAT) (Weigel and Glazebrook 2006).  
T1 seeds obtained from floral dip-transformed plants were planted at a high 
density in 2-inch dip pots filled with soil mix and pre-soaked with a fertilizer. After 2 
days of incubation at 4°C in the dark, the pots with seeds were moved to the growth 
chamber, and the seeds were germinated under the same conditions as described 
previously (see Section 5.3.1.1. Growing Arabidopsis wild-type and mutant plants for 
transformation experiments). Two or three days post germination, seedlings were sprayed 
with 1000x dilution of Liberty 150CN Herbicide and Crop Desiccant stock solution 
(Aventis CropSciense Canada Co, Canada, 150 g/L concentration of glufosinate 
ammonium in the stock solution) once a day for 7 days in a row. Plants resulting from 
stable transformation received a transfer DNA (T-DNA) region harboring the BAR gene 
present in the pCAMBIA3301 plasmid appeared to be green healthy seedlings after 1-2 
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weeks of herbicide application, whereas the non-transgenic plants demonstrated 
bleaching of cotyledons and delay in growth. The healthy-looking transgenic plants were 
transplanted into separate pots and grown for two weeks followed by tissue collection for 
transgene copy number analysis and RNA isolation.  
 
5.3.2.3. Tobacco rattle virus-mediated virus-induced gene silencing in 
Arabidopsis plants 
Transient suppression of specific Arabidopsis genes was achieved using the 
previously described Tobacco rattle virus (TRV)-mediated virus-induced gene silencing 
(VIGS) method with some modifications (Burch-Smith, Schiff et al. 2006, Wang, Cai et 
al. 2006). The genome of TRV is conveniently cloned into two binary vectors - pTRV1 
and pTRV2 that are used for Agrobacterium-mediated virus delivery (Liu, Schiff et al. 
2002). Whereas the pTRV1 plasmid carries almost the whole viral genome, the pTRV2 
plasmid encodes the coat protein from the genomic RNA and two non-structural proteins 
from the subgenomic RNAs. Cloning of the targeted gene fragments is performed in the 
pTRV2 plasmid. Silencing of the Arabidopsis PHYTOENE DESATURASE (PDS) gene 
was used as a positive control of the successful development of VIGS in infected plants. 
All plasmids in E. coli cultures were obtained from the ABRC stock centre (stock 
numbers: CD3-1039, CD3-1040, and CD3-1043 for pTRV1, pTRV2, and pTRV2-PDS 
respectively). 
For the VIGS protocol, separate colonies of Agrobacterium GV3101 (pMP90) 
carrying the pTRV1 and recombinant pTRV2 constructs were inoculated into 3 ml Luria-
Bertani (LB) medium containing rifampicin (25 µg/ml), gentamycin (25 µg/ml) and 
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kanamycin (50 µg/ml) and shaken at 28°C overnight. Cultures (1 ml) were transferred 
into 100 ml YEBi medium (the composition per 100 ml of solution: 0.5 g beef extract, 
0.1 g yeast extract, 0.5 g bacto-peptone, 0.2 ml of 1 M MgSO4 (pH 7.0), 10 ul of 200 mM 
acetosyringone, 1 ml of 1M MES and antibiotics: rifampicin, gentamycin and kanamycin 
in the aforementioned concentrations) and grown until OD600 was between 0.8 and 1.2. 
Subsequently, Agrobacterium cells were collected by centrifugation and re-suspended in 
MMAi solution (the composition per 100 ml of solution: 0.5 g MS salts (Phytotechnology 
laboratories, KS, USA), 0.195 g MES, 2.0 g sucrose, 100 µl of 200 mM acetosyringone, 
pH 5.6) into suspensions of OD600=4.0 followed by shaking at a speed of 50 rpm for 2 
hours. The suspensions of Agrobacterium carrying the pTRV1 and pTRV2 recombinant 
constructs were mixed at a 1:1 ratio to lead to a final OD600=2.0 of each culture. 
The delivery of Agrobacterium suspension was performed with a needleless 1 ml 
syringe into two leaves of two- to three-leaf-stage plants, infiltrating the entire leaf from 
the abaxial side of the leaf. The plants were left covered overnight. Symptoms of viral 
infection were observed approximately 1 week after virus introduction. Infected and 
control plants were left to flower and eventually were stably transformed using a floral 
dip method. 
 
5.3.3. Molecular techniques and assays 
5.3.3.1. Total DNA, RNA and cDNA preparations 
gDNA was isolated from 100 mg of leaf samples using the 
cetyltrimethylammonium bromide method (Doyle and Dickson 1987) that was modified 
according to the DArT protocol (http://www.diversityarrays.com/sites/default/files/pub/ 
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DArT_DNA_isolation.pdf) (Ziemienowicz, Shim et al. 2012). Subsequently, gDNA was 
treated with RNaseA (a final concentration: 20 µg/ml) for 30 min at 37°C followed by 
purification using the phenol-chloroform method and precipitation with ethanol 
(Sambrook and Russell 2006). 
Total RNA from Arabidopsis plants was isolated as described previously (see 
Section 4.3.2.1. Total RNA isolation and purification). After RNA isolation, 500 ng of 
total RNA was treated with the DNase I (Thermo Scientific), purified, converted into 
cDNA and either quantified with qPCR as previously described (see Section 3.3.5. Real-
Time qPCR Analysis) or used for PCR amplification of the target gene fragment and 
cloning into the pTRV2 plasmid. Gene expression was quantified for the following 
genes: KU70, RAD51, AGO2 and NRPD1a. Normalization was done against two 
housekeeping genes: TUBULINE and RCE1 (Seki, Narusaka et al. 2001). For primer 
sequences see Table 5.3.1 
 
5.3.3.2. Southern blot analysis of the transgene copy number in T1 transgenic 
plants 
To test for the transgene copy number, Southern blot analysis was performed as 
described previously (Ziemienowicz, Shim et al. 2012). Six microgram of gDNA was 
digested with FastDigest PstI in a 200 µl reaction mixture containing 1xFastDigest buffer 
(Thermo Scientific) and 12 ul of the enzyme. The reactions were incubated at 37°C for 2 
hours. The digested DNA was purified using the phenol/chloroform method and 
precipitated with ethanol (Sambrook and Russell 2006). The digested and purified gDNA 
was separated on a 0.8% (w/v) agarose gel at 220 V for 3 h in 1xTAE buffer. The gel was 
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rinsed in distilled water, depurinated for 15 min in 0.25 N HCl, rinsed in water, denatured 
for 30 min in 0.4 N NaOH, rinsed again in water, neutralized for 15 min in 0.5 M Tris-
HCl (pH 7.5) containing 3 M NaCl, and soaked in transfer buffer (10x SSC; 1.5 M NaCl 
and 0.15 M sodium citrate) for 10 min. DNA transfer onto a positively charged nylon 
membrane (Roche) was performed for 2.5 h using a vacuum blotter (Appligene). DNA 
was then cross linked to the membrane at 120 mJ/cm2. UV treatment of the membrane 
was repeated twice using a Spectrolinker (Spectromics Corp.). The probe was prepared 
with the PCR DIG Probe Synthesis kit (Roche) according to the protocol provided by the 
manufacturer using primers AB136 and AB139 for the GUS-specific probe (Table 5.3.1). 
Hybridization with the GUS-specific probe was performed at 55°C in the DIG EasyHyb 
solution (Roche). The probe was detected using AP-conjugated anti-DIG antibodies 
(Roche; diluted 1:2,500) in blocking solution (1% (w/v) Blocking Reagent (Roche) in 
maleic acid buffer (0.1 M maleic acid, 0.5 M NaCl, pH 7.5)) and a substrate - CDP Star 
(Roche). Pictures of the membrane were taken with FluorChem HD2 (Alpha Innotech). 
 
5.3.3.3. Plasmid construction 
Floral dip stable transformation was performed using the pCAMBIA3301 binary 
vector generated by replacing the hygromycin resistance gene in the original 
pCAMBIA2301 plasmid with the BAR gene. The BAR gene was amplified as an XhoI 
fragment from pFGC5941 (ABRC accession number 1004952070) using primers AB026 
and AB027 (Table 5.3.1). 
In order to minimize the off-target effects, AGO2 and NRPD1a sequences for 
VIGS-mediated gene down-regulation that were cloned into pTRV2 plasmids were 
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picked up using the “RNAi Scan” program (Xu, Zhang et al. 2006). To generate pTRV2-
AGO2, a cDNA fragment was PCR amplified using Arabidopsis ecotype Col-0 cDNA 
and primers AB286 and AB287 (see Table 5.3.1 for primer sequences). The resulted PCR 
product (567 bp) was cloned into EcoRI- XbaI-cut pTRV2. To obtain pTRV2-NRPD1a 
plasmid, the Arabidopsis NRPD1a cDNA fragment was PCR amplified from Arabidopsis 
cDNA using primers AB304 and AB305 (200 bp) and cloned into pTRV2 digested with 
XbaI and BamHI (see Table 5.3.1 for primer sequences). All recombinant constructs were 
verified by sequencing. 
 
5.3.3.4. Measuring the levels of DNA strand break using the ROPS assay 
Measurments of single- and double-strand breaks were performed using the 
random oligonucleotide primed synthesis (ROPS) assay as described (Basnakian and 
James 1996). In the ROPS assay, the Klenow fragment is used to catalyze random 
oligonucleotide-primed synthesis from the re-annealed 3΄OH ends of single-stranded 
(ss)DNA. The DNA is first denatured at elevated temperatures followed by a re-
association step. The ssDNA serves as its own primer by randomly re-associating with 
itself or other ssDNA molecules. Under the controlled reaction conditions, the 
incorporation of [3H]-dCPT into a newly synthesized DNA by the Klenow fragment is 
proportional to the initial number of 3΄OH ends (breaks). 
The isolated gDNA (1 µg) aliquot was heat-denatured at 100°C for 5 min and 
then chilled on ice. The 25 µl of reaction mixture for one sample contained the following 
components: 1 µg of heat denatured DNA, 2.5 µl of 0.5 mM 3 dNTPs (dGTP, dATP and 
dTTP mix) (Fermentas), 2.5 µl of 10x Klenow fragment buffer (New England Biolabs), 5 
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units of the Klenow enzyme (New England Biolabs), 0.1 µl of [3H]-dCPT (PerkinElmer; 
Boston, MA, USA). The reaction mix was incubated at 25°C for 60 min and stopped by 
2.5 µl of 100 mM EDTA pH 8.0. Later, the whole reaction mix was transferred to 25 mm 
DE-81 ion-exchanging filter papers (Whatman). The filter papers were air-dried followed 
by a washing step with 500 mM sodium phosphate buffer (pH 7.0) for 3x10 min. The 
filters were air-dried again, transferred to vials containing 5 mL of scintillation cocktail 
each, and radiation levels were assessed using a scintillation counter (Beckman LS 
5000CE; Fullerton, CA, USA) as 3H counts per minute (CPM). Three biological and two 
technical repeats were done per each Arabidopsis mutant. Results are expressed as a 
mean of the three biological repeats. 
 
5.3.3.5. Analysis of global genome methylation  
A cytosine extension assay was used to measure the levels of global genome 
methylation (Pogribny, Yi et al. 1999). The DNA is digested with one of the methylation-
sensitive restriction endonucleases, and the incorporation of radioactively labeled [3H]-
dCPT nucleotides in the resulting overhangs is detected. In this study two isoschizomers 
were used – HpaII and MspI – which recognize the C↓CGG sequence. Whereas the 
restriction activity of the HpaII endonuclease is blocked by methylation of the internal 
cytosine in the recognition sequence, the MspI enzyme is sensitive to methylation of the 
external cytosine. The incorporation of [3H]-dCPT is proportional to the initial number of 
recognition sites containing unmethylated cytosines, thus the higher the level of 
methylation at restriction sites, the lower the incorporation of [3H]-dCPT by the Taq 
polymerse. Hence, the HpaII enzyme was used to assess global methylation at the CpG 
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sites, whereas the MspI enzyme was used to quantify global CpHpG methylation (where 
H = A, C, or T) (Boyko and Kovalchuk 2010).  
Total gDNA was digested with 10 units of either of the methylation-sensitive 
restriction endonucleases: HpaII or MspI (Fermentas) in 1x enzyme buffer in a total 
volume of 20 µl overnight at 37°C. After the digestion, 10 µl of each mix was added to 
1.5 mM MgCl2, 0.5 units of Taq polymerase (Fisher Scientific), and 0.1 µl of [3H]-dCPT 
(PerkinElmer; Boston, MA, USA) in a final volume of 25 µl. The samples were 
incubated at 56°C for 1 hour. Later, the whole reaction volume of each sample was 
applied to 25 mm DE-81 ion-exchanging filter paper (Whatman), air-dried and washed 3 
times for 10 min each with 500 mM sodium phosphate buffer (pH 7.0). Subsequently, the 
filters were thoroughly air-dried, transferred to vials containing 5 mL of scintillation 
cocktail, and the radiation levels were measured by a scintillation counter (Beckman LS 
5000CE; Fullerton, CA, USA) as CPM. As a background control, each sample was 
incubated in the absence of any enzyme and subjected to identical reaction conditions. 
The measurements of radioactivity using samples of gDNA of a mutant background were 
related to readings from wt-control samples, with controls being taken as 100%. Three 
biological and two technical repeats were done per each Arabidopsis mutant. 
 
5.3.4. Analysis of homologous recombination frequency in mutant 
Arabidopsis plants 
Arabidopsis plants of line 15d8 carry in the genome two non-functional 
overlapping halves of the luciferase gene that are substrates for homologous 
recombination (HR) (Ilnytskyy, Boyko et al. 2004). A single recombination event in the 
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recombination cassette that restores luciferase activity can be visualized in vivo with a 
CCD camera as a luminescent spot. HR frequency was calculated by relating the number 
of events to the total number of plants scored. Each experiment was repeated at least 3 
times with 32 plants per group. 
 
5.3.5. Statistical treatment of the data 
The statistical significance was confirmed by two-tailed paired Student’s t-test 
with α=0.05 and single factor ANOVA. The statistical analysis was performed using the 
JMP 10.0 software (SAS Institute Inc).   
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Table 5.3.1. Primers used in this study 
Primer Sequence Description 
AG392 5΄-TCTGTGATGGCTTGTCTAT-3΄ 
Forward qPCR primer – AtKU70 - 
AT1G16970 
AG393 5΄-AGGCTGAATCCGTTGTAT-3΄ 
Reverse qPCR primer – AtKU70 - 
AT1G16970 
AG394 5΄-TGGTGTGGCTGTTGTTAT-3΄ 
Forward qPCR primer – AtRAD51 - 
AT5G20850 
AG395 5΄-TCTCCTCTGCTCTTCCTT-3΄ 
Reverse qPCR primer – AtRAD51 - 
AT5G20850 
AG390 5΄-ACAGAAGCGGAGAGCAACAT-3΄ 
Forward qPCR primer – Tubulin - 
AT5G62690 
AG391 5΄-TCCTCATCCTCGTAGTCACCTT-3΄ 
Reverse qPCR primer – Tubulin - 
AT5G62690 
RCE1.for 5΄-CTGATGCATGGATATTACC-3΄ 
Forward qPCR primer – RCE1 - 
AT4G36800 
RCE1.rev 5΄-ACTGTGTTAATGTTAAAGAA-3΄ 
Reverse qPCR primer – RCE1 - 
AT4G36800 
AB275 5΄-AATAATGATGGAAGTGATAA-3΄ 
Forward qPCR primer – AtAGO2 - 
AT1G31280 
AB276 5΄-AAGAGTGTAGTAATGAGT-3΄ 
Reverse qPCR primer – AtAGO2 - 
AT1G31280 
AB121 5΄-AAAGGGAATATCGGGAAG-3΄ 
Forward qPCR primer – AtNRPD1a 
- AT1G63020 
AB122 5΄-CCAAAGGACAAAGAAACTG-3΄ 
Reverse qPCR primer – AtNRPD1a - 
AT1G63020 
AB286 5΄-AAAGAATTCGAGGAGAACAAGGTCGTG-3΄ 
Primers for amplification of the 
AtAGO2 fragment from cDNA. 
Primers include EcoRI and XbaI 
recognition sequences. L=567 bp 
AB287 5΄-AAATCTAGAACCTCGAAACCTTCTTGG-3΄ 
AB304 5΄-AAATCTAGACACACTGTTGGACAATAAAG-3΄ 
Primers for amplification of the 
AtNRPD1a fragment from cDNA. 
Primers include XbaI and BamHI 
recognition sequences. L=567 bp 
AB305 5΄-AAAGGATCCCAACAGAAGTCGTTGGGAGG-3΄ 
AB136 5΄-GGTCAATAATCAGGAAGTG-3΄ Primers for synthesis DIG-labeled 
GUS probe for Southern blot 
analysis AB139 5΄-GTATTCGGTGATGATAATC-3΄ 
AB026 5΄-AAACTCGAGTTAGATCTCGGTGACGGGCA-3΄ 
Primers for amplification of a BAR 
gene from pFGC5941 plasmid and 
cloning it into pCAMBIA2301 
plasmid instead of hygromycin 
gene. XhoI recognition sequences 
added 
AB027 5΄-AAACTCGAGATGAGCCCAGAACGACGCCC-3΄ 
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5.4. RESULTS 
5.4.1. Genes involved in small RNA metabolism inhibit Agrobacterium-
mediated plant transformation 
We chose several Arabidopsis epigenetic mutants (Table 5.4.1) that have been 
shown to vary in their response to viral infection and are deficient in either the TGS 
(ddm1-2, dcl3-1, nrpd1a-3 and rdr2-2) or PTGS pathways (ago2-1, dcl4-2 and rdr6-1) 
and performed reverse genetic screening to reveal the contribution of epigenetic 
machinery to Agrobacterium-mediated plant transformation process. To do this, we used 
the floral dip method of Arabidopsis transformation that relies on the ability of 
Agrobacterium cells to deliver T-DNA to the egg cell in the plant embryo sac. 
Subsequently, T1 seeds obtained after transformation are germinated on soil, and the 
selection of transgenics is performed using glufosinate ammonium.  
Consistent with our hypothesis, half of the epigenetic mutants in our study 
demonstrate susceptible to Agrobacterium transformation phenotype (ago2-1, dcl4-2, 
nrpd1a-3 and rdr2-2), with ago2-1 and nrpd1a-3 Arabidopsis mutants having the highest 
transformation efficiency (a threefold increase in transformation over wt plants, Student’s 
t-test: α=0.05, Figure 5.4.1). At the same time, in our study, dcl3-1 and ddm1-2 mutants 
that, demonstrated moderately enhanced and severe disease symptoms in response to 
geminivirus infection, respectively (Raja, Sanville et al. 2008) had the transformation 
efficiency that was comparable to that of wild-type plants. Furthermore, the discrepancy 
was observed between the transformation efficiency of dcl4-2 and rdr2-2 mutants and 
their susceptibility to geminivirus infection previously reported by Raja et al. (2008) 
(Raja, Sanville et al. 2008). Whereas in our study, loss-of-function dcl4-2 and rdr2-2 
218 
 
mutants demonstrated a twofold although statistically insignificant increase in the 
transformation efficiency as compared to wt control plants (Student’s t-test: p>0.1, Figure 
5.4.1), in the study of Raja et al. (2008), mutant susceptibility to geminivirus infection 
was similar to that in wt plants (Raja, Sanville et al. 2008). Overall, our results provide 
evidence for an increased susceptibility of reproductive tissues to Agrobacterium 
infection in epigenetic mutants, but at the same time, they demonstrate the discrepancy 
between the plant defence pathways against geminivirus and Agrobacterium infection.  
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Table 5.4.1. Genes examined in this study for their role in Agrobacterium-
mediated stable plant transformation 
 Gene Locus number Protein function Reference 
ARGONAUTE 2, AGO2 AT1G31280 
Involved in the antiviral 
defence pathway, has 
high affinity to viral 
siRNAs  
(Harvey, Lewsey et al. 
2011, Wang, Jovel et al. 
2011) 
DICER-LIKE 3, DCL3 AT3G43920 
The RNase III family 
protein. Required for the 
generation of 24 nt-long 
siRNAs from 
endogenous and viral 
transcripts 
(Curtin, Watson et al. 
2008, Fan, Dai et al. 
2012) 
DICER-LIKE 4, DCL4 AT5G20320 
The RNase III family 
protein. Catalyzes 
processing of trans-
acting 21 nt-long 
siRNAs and viral 
transcripts 
(Yoon, Yang et al. 
2010, Wang, Jovel et al. 
2011) 
DECREASED DNA 
METHYLATION 1, 
DDM1 
AT5G66750 
A SWI2/SNF2-like 
chromatin remodelling 
protein involved in 
cytosine methylation in 
CpG and non-CpG 
contexts 
(Jeddeloh, Stokes et al. 
1999) 
NUCLEAR RNA 
POLYMERASE D1A, 
NRPD1a 
AT1G63020 
One of two alternative 
large subunits of RNA 
polymerase IV. Involved 
in RNA dependent DNA 
methylation 
(Eamens, Vaistij et al. 
2008) 
RNA-DEPENDENT RNA 
POLYMERASE 2, RDR2 
AT4G11130 
Synthesizes a second 
strand using a single-
stranded (ss) RNA as a 
template. Involved in the 
biogenesis of 
heterochromatic siRNAs 
(Willmann, Endres et 
al. 2011) 
RNA-DEPENDENT RNA 
POLYMERASE 6, RDR6 
AT3G49500 
Synthesizes a second 
strand using ssRNA as a 
template. Involved in the 
biogenesis of ta-siRNAs 
and nat-siRNAs 
(Willmann, Endres et 
al. 2011) 
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Figure 5.4.1. Reverse genetic screening among selected epigenetic mutants 
identifies two gene-inhibitors of Agrobacterium-mediated stable plant 
transformation – AGO2 and NRPD1a 
The analysis of stable plant transformation efficiency among selected epigenetic 
mutants using a floral dip method. The stable transformation rates per 100 mg of seeds in 
wt control plants were standardized to 1.0. The floral dip transformation was repeated at 
least 3 times for every mutant and transformation rate per 100 mg of seeds was 
normalized to its corresponding control. The values represent the mean ± SEM. The 
asterisks denote a statistically significant difference as compared to wt control plants. 
Student’s t-test: α=0.05, t=2.09, P<0.05. 
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5.4.2. An elevated transformation efficiency in loss-of-function ago2-1 and 
nrpd1a-3 mutants coincides with a decrease in global DNA methylation and an 
increase in the levels of DNA strand breaks 
Based on the results of our reverse genetic screening (see in the previous section), 
both ago2-1 and nrpd1a-3 mutants were chosen for further analysis of molecular 
components that are affected to favour a higher transformation efficiency as compared to 
wt control plants. Argonaute 2 (AGO2) is one of the ten Argonaute proteins that act in 
the RNA-induced silencing complex (RISC) to target the cleavage of viral RNA through 
base pairing with small RNAs (Harvey, Lewsey et al. 2011, Zhang, Singh et al. 2012). 
Moreover, it has been suggested that AGO2, among other Arabidopsis AGO proteins, has 
evolved to specialize in antiviral defense (Jaubert, Bhattacharjee et al. 2011). This notion 
was further supported by studies on Nicotiana benthamiana plants where NbAGO with 
similarity to the Arabidopsis AGO2 gene has been demonstrated to be vital for antiviral 
defense against Tomato bushy stunt virus (TBSV) (Scholthof, Alvarado et al. 2011). In 
contrast to AGO2 which acts predominantly in the PTGS pathway, NRPD1a is involved 
in the TGS pathway. NRPD1a encodes one of two alternative largest subunits of a 
putative plant-specific RNA polymerase IV (Pol IV), involved in the silencing of 
thousands of retrotransposons, endogenous repeats, invading DNA viruses, transgenes 
and some protein-coding genes through the RNA-dependent DNA methylation (RdDM) 
pathway (Huettel, Kanno et al. 2006, Zhang, Henderson et al. 2007, Mosher, Schwach et 
al. 2008, Raja, Sanville et al. 2008). Hence, both of the genes seem to have evolved as the 
components of the immune system that guards the plant cells against the undesirable 
activity of endogenous (NRPD1a) and exogenous nucleic acids (AGO2 and NRPD1a). 
222 
 
Curiously, more recently, both AGO2 and NRPD1a have been shown to directly mediate 
DNA double-strand break (DSB) repair in Arabidopsis (Wei, Ba et al. 2012). Both ago2 
and nrpd1a loss-of-function mutants were greatly compromised in DNA DSB repair that 
was concomitant with a decline in the level of DSB-induced small RNA (diRNA). It was 
suggested that diRNAs can guide the repair machinery to the DNA DSB sites that 
resemble the RdDM pathway in its mode of action (Wei, Ba et al. 2012). Unfortunately, 
the authors did not directly measure the levels of single-strand breaks or DSB in DNA in 
the mutants, instead, they provided evidence of the levels of phosphorylated histone 
H2AX (γ-H2AX) in response to γ-irradiation that were comparable to those in wild-type 
plants. γ-H2AX is a molecular marker for monitoring DSBs and their repair (Amiard, 
Charbonnel et al. 2010, Wei, Ba et al. 2012). Neither wt plants nor mutants had 
detectable γ-H2AX foci in the nucleus of untreated plants. In our study, by using the 
ROPS assay which provides cumulative information regarding the levels of both single- 
and double-strand breaks in DNA, we observed a significant increase in the levels of 
DNA strand breaks in both mutants as compared to wt plants grown under normal 
conditions (a 6- and 9-fold increase as compared to wt controls in ago2-1 and nrpd1a-3, 
respectively, Student’s t-test: α=0.05, Figure 5.4.2). Altogether, these data may suggest 
that both ago2-1 and nrpd1a-3 mutants have the elevated levels of single-strand DNA 
breaks. 
Previously, mutants impaired in the maintenance DNA methylation pathways or 
de novo DNA methylation pathways have been shown to be hyper-susceptible to 
geminivirus infection which was concomitant with the reduced levels of DNA 
methylation at the viral DNA (Raja, Sanville et al. 2008). Treatments of Nicotiana 
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tabacum plants with the DNA demethylating agent 5-azacytidine increased both transient 
and stable Agrobacterium-mediated transformation (Zhu, Hughes et al. 1991, Palmgren, 
Mattson et al. 1993).  
Whereas a decrease in DNA methylation in pol iv mutants is well-documented 
(Onodera, Haag et al. 2005), the effect of ago2 mutation on global DNA methylation is 
still unknown. Using a cytosine extension assay, we confirmed a significant global DNA 
demethylation in both the CpG and CpHpG contexts in the nrpd1a-3 Arabidopsis mutant 
(a 2.00- and 1.90-fold decrease in CpG and CpHpG methylation, respectively, Student’s 
t-test: α=0.05, Figure 5.4.3) We also revealed that ago2 deficient plants demonstrated a 
significant decrease in global DNA methylation in both examined regions (a 1.75 and 
2.05-fold decrease in CpG and CpHpG methylation, respectively, Student’s t-test: 
α=0.05, Figure 5.4.3). Taking into account the results of previous reports on geminivirus 
infection (Raja, Sanville et al. 2008, Paprotka, Deuschle et al. 2011), it is reasonable to 
speculate that DNA methylation can act in cis through direct methylation of the 
Agrobacterium T-DNA in the plant cell. The exact mechanism of T-DNA and 
geminivirus DNA methylation and its role in the prevention of T-DNA integration into 
the plant genome is unknown. Moreover, a decrease in global DNA methylation may 
result in the chromatin de-condensation and a subsequent increase in recombination 
levels (Melamed-Bessudo and Levy 2012). Recombination levels can also increase in 
response to the elevated DNA strand breaks (Endo, Ishikawa et al. 2006).  
Recently, in our lab, we have provided evidence that an increase in the frequency 
of DNA recombination can be a possible cause of higher rates of stable transformation in 
tobacco explants (Boyko, Matsuoka et al. 2009, Boyko, Matsuoka et al. 2011). 
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Nevertheless, in the current study, we observed that the level of DNA homologous 
recombination (HR) events per plant in the leaves of ago2-1 and nrpd1a-3 mutant plants 
was comparable to that in wt plants (Student’s t-test: α=0.05, Figure 5.4.4.A). The 
expression of the RAD51 gene involved in the HR DNA repair pathway was similar in 
mutants and control plants, whereas the expression of the KU70 gene participating in the 
non-homologous end joining (NHEJ) DNA repair pathway was significantly higher in the 
nrpd1a-3 mutant (Student’s t-test: α=0.05, Figure 5.4.4.B).  
Both HR and NHEJ pathways appear to compete for a template during the DNA 
DSB repair process, with the NHEJ pathway prevailing in plants (Mladenov and Iliakis 
2011). The lack of increase in the frequency of HR events in ago2 and nrpd1a mutants 
suggests the involvement of the NHEJ pathway in the T-DNA integration process, 
although we did not directly examine the levels of NHEJ events in ago2-1 and nrpd1a-3 
mutants. Overall, our data suggest that an increase in the stable transformation efficiency 
of ago2-1 and nrpd1a-3 mutants can be due to cumulative effects of both a deficiency in 
the de novo DNA methylation pathway and an increase in the levels of DNA strand 
breaks. 
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Figure 5.4.2. ago2-1 and nrpd1a-3 mutants exhibit an elevated level of DNA 
strand breaks as assessed using the ROPS assay 
The analysis of DNA strand break levels (radioactive counts, CPM 3H) in the 
genome of ago2-1 and nrpd1a-3 mutant plants. The higher the radioactive count, the 
more single- and double-strand breaks are present in the genome. Two independent 
experiments were performed, and the radioactivity of each sample was counted twice. 
The values represent the mean ± SD. The asterisks show a statistically significant 
difference as compared to wt controls. Student’s t-test, α=0.05, t=2.26. 
 
Figure 5.4.3. ago2-1 and nrpd1a-3 mutants demonstrate a decrease in the 
levels of global DNA methylation both in the CpG and CpHpG contexts as assessed 
by the cytosine extension assay 
The average CPM reading for a wt control sample (global CpG methylation) was 
standardized to 100% and used for normalization of the rest of samples. The cytosine 
extension assay for each experiment was repeated three times, and readings were taken at 
least twice per each reaction. The values represent the mean ± SD. The asterisks denote a 
statistically significant difference as compared to the corresponding wt control plants. 
Student’s t-test: α=0.05, t=2.13. 
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Figure 5.4.4. DNA recombination rates in ago2-1 and nrpd1a-3 mutants are 
comparable to those in wt plants 
The analysis of the frequency of DNA HR events (the average number of HR 
events per plant (A) and expression levels of KU70 and RAD51 genes (B) in ago2-1 and 
nrpd1a-3 mutant plants. For the assessment of HR frequency, ago2-1 and nrpd1a-3 
mutant plants were crossed to wt plants carrying a luciferase-based construct (15d8 line) 
for HR analysis and the homozygous lines for both the transgene and specific mutations 
were obtained. Scoring HR events was performed twice with 32 plants per group. The 
values represent the mean ± SD. An asterisk denotes a statistically significant difference 
as compared to the corresponding wt control. Student’s t-test: P<0.05. 
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5.4.3. Transient down-regulation of the AGO2 and NRPD1A genes enhances 
stable Agrobacterium-mediated plant transformation 
The transient manipulation of host factors involved in the plant transformation 
process is one of the approaches to increase the efficiency of plant transgenesis (Boyko, 
Matsuoka et al. 2011). Hence, in our study, we made an attempt to transiently down-
regulate both the AGO2 and NRPD1a genes to develop a method that would result in the 
enhanced transformation efficiency but at the same time would allow generation 
transgenic plants without undesirable changes in the expression of target genes. The 
following criteria were taken into account to choose the transient down-regulation 
technique: (i) it has to occur in the female gametes; (ii) it has to be strong enough to 
suppress gene expression to such level that would lead to the enhanced susceptibility to 
Agrobacterium-mediated transformation; (iii) it has to be gene-specific and last during 
the whole plant life cycle; (iv) gene silencing should not be propagated into the following 
generation. The aforementioned criteria are completely satisfied by a method of virus-
induced gene silencing (VIGS) mediated by a Tobacco rattle virus (TRV). VIGS is a 
gene down-regulation technique which exploits the natural ability of viruses to trigger the 
plant’s immune response directed at silencing of viral genes. Cloning of a gene fragment 
into the replicating virus vector allows for transient homology-dependent down-
regulation of the targeted endogenous gene. TRV-based VIGS is one of the most efficient 
and widely-used gene silencing tools in Arabidopsis plants at the present time (Pflieger, 
Blanchet et al. 2008). Moreover, TRV has been shown to invade the ovules of infected N. 
benthamiana plants, albeit unlike other viruses and it is not seed-transmitted (Wang, 
MacFarlane et al. 1997, Martin-Hernandez and Baulcombe 2008). Hence, we 
228 
 
hypothesized that infection of Arabidopsis wt plants with TRV carrying fragments of 
either the AGO2 or NRPD1a genes would allow for transient disruption of their 
expression and as a result an increase in plant transformation rates. 
The genome of TRV is conveniently cloned into two binary vectors, one of which 
carries almost a complete viral genome, whereas the other one encodes the coat protein 
from the genomic RNA and two non-structural proteins from the subgenomic RNAs and 
is used as a cloning vector. To avoid the off-targeting effects, the sequences of both the 
AGO2 and NRPD1a genes used for cloning into the TRV vector were carefully picked up 
using the “RNAi Scan” software (Xu, Zhang et al. 2006). Agrobacterium cells were 
transformed with the TRV plasmids and delivered into Arabidopsis wt seedlings (Burch-
Smith, Schiff et al. 2006). In our study, consistent with a previous report (Burch-Smith, 
Schiff et al. 2006), silencing of a Phytoene desaturase (PDS) gene, used to control for the 
efficient development of VIGS in infected plants became apparent at 12-14 days post 
infection (Figure 5.4.5). On the other hand, in contrast to the report by Burch-Smith et al. 
(2006), we observed a severe initial growth delay in empty TRV-infected plants which 
almost vanished at four weeks post infection. Whereas TRV-AGO2-infected plants did 
not develop any symptoms of infection, the TRV-NRPD1a inoculated plants 
demonstrated a slight delay in growth detectable at two weeks post infection (Figure 
5.4.5). Nevertheless, at a later stage, the TRV-NRPD1a infected plants were 
indistinguishable from their untreated counterparts (Figure 5.4.5). The successful down-
regulation of both the AGO2 and NRPD1a genes in Arabidopsis wt plants was confirmed 
using real-time PCR (Student’s t-test, α=0.05, Figure 5.4.8A and B). 
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Following VIGS optimization in Arabidopsis, infected plants were left to flower 
and then were stably transformed using a floral dip method. Consistent with our 
hypothesis, transient down-regulation of both the AGO2 and NRPD1a genes resulted in a 
considerable increase in the number of transgenic plants per 100 mg of seeds (a 5.94- and 
3.47-fold in TRV-AGO2 and TRV-NRPD1a infected plants, respectively, Figures 5.4.6 
and 5.4.7). At the same time, we observed a variation in transformation efficiency of 
infected plants which was apparently due to differences in the development of VIGS 
among plants. To prove this hypothesis, we examined the expression of the AGO2 and 
NRPD1a genes in infected plants with regard to their transformation efficiency. Indeed, 
we observed a threshold of changes in the mRNA level in both genes, which correlated 
with the development of an increased susceptibility to Agrobacterium transformation 
phenotype. Whereas in plants infected with TRV-AGO2, the elevated levels of 
transformation were observed in those ones where the expression level of AGO2 
transcript was less than 15% (Student’s t-test, α=0.05, Figure 5.4.8A), in plants infected 
with TRV-NRPD1a, a substantial increase in transformation rates was only found in 
plants with the remaining NRPD1a transcript being ~3% (Student’s t-test, α=0.05, Figure 
5.4.8B). A more stringent down-regulation of the NRPD1a gene required to develop the 
increased susceptibility to Agrobacterium transformation phenotype partially explains the 
elevated but statistically insignificant changes in transformation rates of TRV-NRPD1a 
as compared to the TRV-AGO2 group of plants (Figure 5.4.7). 
An increase in the number of transgenic plants can also lead to the elevated 
number of transgene integrations per genome. Such an increase in the frequency of 
transgene integration events can be due to both a more open chromatin structure caused 
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by lower levels of global DNA methylation and a higher chance of T-DNA replication 
inside the host nucleus as a result of an altered defence mechanism in mutants. We 
examined six transgenic plants from each group using a Southern blot analysis (Figure 
5.4.9). Indeed, in TRV-AGO2 and TRV-NRPD1a transgenic plants, a high transformation 
rate was paralleled by an almost threefold increase in the number of transgenes per 
genome (Figure 5.4.10). Surprisingly, transgenic plants originated from empty TRV-
infected plants also had an increased, although not significantly, number of transgene 
integrations (Student’s t-test, α=0.05). This finding is partially in agreement with the 
previous report (Voinnet, Rivas et al. 2003) suggesting that viruses can counteract the 
plant defence pathways. These pathways may reduce plant susceptibility to 
Agrobaterium-mediated transformation. Initially, it has been shown that the co-
expression of a viral suppressor of gene silencing, the p19 protein of Tomato bushy stunt 
virus (TBSV), prevents the onset of PTGS in the infiltrated Nicotiana benthamiana 
tissues and allows a high level of Agrobacterium-mediated transient expression (Voinnet, 
Rivas et al. 2003). It still remains to be shown whether a weak viral suppressor of gene 
silencing – 16K from the TRV virus – can cause a similar effect. 
Finally, we examined the propagation of AGO2 and NRPD1a silencing into the 
progeny of infected plants. Consistent with the previous report, we did not observe either 
the transmission of TRV RNA to transgenic progenies of infected plants (data not shown) 
(Martin-Hernandez and Baulcombe 2008) or down-regulation of both genes in the 
corresponding groups (Figure 5.4.11A and B). On the contrary, all the four examined T1 
transgenic plants obtained after floral-dip transformation with pCAMBIA3301 of the 
TRV-AGO2 infected plants demonstrated a significant up-regulation of AGO2 expression 
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as compared to the T1 transgenic progeny of uninfected plants. At the same time, only 
one out of the four examined T1 transgenic plants obtained after floral-dip transformation 
with pCAMBIA3301 of the TRV-NRPD1a infected plants had an elevated expression of 
the NRPD1a gene (Student’s t-test, α=0.05). This is an interesting finding that 
conceivably suggests a tight transgenerational regulation of AGO2 gene expression in 
plants. 
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Figure 5.4.5. Optimization of TRV-mediated VIGS in Arabidopsis plants 
Seedlings of Arabidopsis wt plants at the two- to three-leaf stage were infected 
with either of the following constructs: the empty TRV virus, TRV virus carrying a 
fragment of the PDS (positive control), AGO2 or NRPD1a genes. Symptoms of virus-
mediated suppression of gene activity became apparent at 2 weeks post infection (TRV-
PDS, 2 wpi), albeit plants infected with the empty TRV virus demonstrated a severe 
delay in growth as compared to uninfected controls already at 1 wpi (pictures not shown). 
Later, most of the empty TRV-infected plants recovered from infection (TRV virus, 4 
wpi).  
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Figure 5.4.6. In solium selection of transgenic plants obtained after VIGS-
mediated stable transformation using glufosinate ammonium 
A, B, C and D represent selection plates with transgenic plants obtained after 
transformation of untreated plants, plants infected with the empty TRV virus, TRV virus 
carrying an AGO2 fragment and TRV virus carrying an NRPD1a fragment, respectively. 
The arrows point at the representative transgenic plants which were scored in every plate 
containing 100 mg of seeds harvested from individual T0 plants. 
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Figure 5.4.7. Box-plots demonstrating a variation in transformation 
efficiency of the empty TRV, TRV-AGO2 and TRV-NRPD1a infected Arabidopsis 
wt plants 
The analysis of the stable transformation efficiency of plants infected with either 
the empty TRV virus, a virus with a fragment of the AGO2 gene or a virus with a 
fragment of the NRPD1a gene. Two independent experiments were performed. A 
minimum of 4 plants per group were analyzed in each experiment. The box-plots that are 
not connected by the same letter are significantly different. Nonparametric Wilcoxon 
method,  P<0.05. 
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Figure 5.4.8. Steady-state mRNA level of target genes and average 
transformation rates in empty TRV-, TRV-AGO2- and TRV-NRPD1a-infected 
Arabidopsis wt plants 
 The real-time PCR analysis of VIGS-mediated transient down-regulation of the 
AGO2 (A) and NRPD1a (B) genes in Arabidopsis wt TRV-infected plants. Three plants 
in “Control” and “Plants infected with TRV virus” groups were examined, respectively. 
Each measurement was done in duplicates. The values represent the mean ± SEM. The 
asterisks denote a statistically significant difference as compared to its corresponding 
control. Student’s t-test (two tail), α=0.05, t=2.26, P<0.05. 
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Figure 5.4.9. Southern blot analysis of the transgene copy number in T1 
transgenic plants obtained using the VIGS-mediated stable transformation method 
The analysis of transgene copy number in T1 transgenics obtained using the 
VIGS-mediated stable transformation method. gDNA was isolated from T1 transgenic 
plants and digested with a PstI restriction enzyme which has a single recognition site 
within T-DNA derived from pCAMBIA3301. The DIG-labelled probe (1222 bp-long) 
was designed to hybridize to a GUS-gene sequence at the 3΄ region of the PstI 
recognition site. Six transgenic plants per group were analyzed. wt-NC – wild type 
negative control, M – DIG labelled DNA marker (Roche). 
 
 
Figure 5.4.10. Transgene copy number in T1 Arabidopsis transgenic plants 
as analyzed by Southern blot 
The analysis of the transgene copy number in transgenics obtained using the 
VIGS-mediated stable transformation method. The bars that are not connected by the 
same letter are significantly different. Student’s t-test (two tail), single factor ANOVA, 
α=0.05, t=2.09, N=6, P<0.05. 
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Figure 5.4.11. The analysis of propagation of VIGS-mediated silencing of the 
AGO2 (A) and NRPD1a (B) genes into the T1 generation of Arabidopsis transgenic 
plants obtained using the VIGS-mediated stable transformation method 
Three plants in “Uninfected control derived transgenics” and “Empty TRV 
derived transgenics” groups were examined, respectively. Each measurement was done in 
duplicates. The values represent the mean ± SEM. The asterisks denote a statistically 
significant difference as compared to transgenic plants derived from uninfected control 
plants. Student’s t-test, α=0.05, t=2.26, P<0.05. 
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5.5. DISCUSSION 
This work is aimed at deciphering the contribution of epigenetic factors to the 
plant defence system against Agrobacterium-mediated transformation and further 
transient manipulation of these factors to favour a higher stable transformation efficiency. 
We found that a) both the AGO2 and NRPD1a genes considerably inhibit Agrobacterium-
mediated plant transformation; b) a significant increase in stable transformation 
efficiency of the ago2-1 and nrpd1a-3 mutants can be the cumulative outcome of a 
decrease in global DNA methylation and an increase in the level of DNA strand breaks; 
c) the TRV-mediated VIGS technique can be successfully used to manipulate the 
expression of target genes in plants in order to favour a higher stable transformation 
efficiency; d) transient down-regulation of the AGO2 and NRPD1a genes results in an 
increased transformation efficiency of Arabidopsis wt plants partially due to an elevated 
number of transgene integrations per genome in transgenic plants; e) infection of 
Arabidopsis wt plants with the empty TRV virus also increases the number of transgene 
copies per genome in stable transformants. 
 
5.5.1. The AGO2 and NRPD1a genes contribute to the plant defence system 
against Agrobacterium-mediated plant transformation 
Previously, it has been noted that the process of Agrobacterium-mediated genetic 
transformation resembles retrovirus-mediated gene transfer (Magori and Citovsky 2011). 
In our study, we complemented this idea and provided further evidence that plants utilize 
similar epigenetic components to defend the genome against undesirable exogenous 
nucleic acid activities. Here, we made a parallel to geminivirus infection which has been 
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shown to be inhibited by both the PTGS and TGS pathways in plants (Hohn and Vazquez 
2011).  
It does not come by surprise that both transcriptional and posttranscriptional 
barriers can mediate plant epigenetic immune responses to alien DNA since PTGS can 
act as the primary pathway to generate 24 nt-long small RNAs that eventually target the 
complementary DNA sequences for methylation. Also previously, it has been shown that 
both DNA viruses, Cauliflower mosaic virus (CaMV) (Moissiard and Voinnet 2006) and 
Cabbage leaf curl virus (CaLCuV) (Blevins, Rajeswaran et al. 2006), trigger the 
accumulation of a wide range of small RNA species derived from the viral transcriptome, 
with the 24 nt-long RNA species being predominant. Nevertheless, the dcl3 mutant, a 
mutant impaired in the 24-mers generation, demonstrated either the same (Blevins, 
Rajeswaran et al. 2006) or moderately enhanced (Raja, Sanville et al. 2008) symptoms of 
CaLCuV infection as compared to wt controls. This suggests that other Dicer-like 
proteins may compensate for the absence of DCL3 in the dcl3 mutant. We observed no 
increase (dcl3-1) or an insignificant increase in transformation rates (dcl4-2) of single 
DCL mutants as compared to controls (Figure 5.4.1).  
Curiously, unlike in the case with the geminivirus where delivery of the virus into 
the ddm1 mutant caused severe infection symptoms (Raja, Sanville et al. 2008), in our 
experiment, Agrobacterium-mediated floral dip transformation of ddm1-2 led to a slight 
insignificant decrease in the transformation rate as compared to controls. This is in 
agreement with the previous report demonstrating that the ddm1 mutant, a SWI2/SNF2-
like chromatin-remodelling protein which is necessary for DNA methylation and 
heterochromatin maintenance is resistant to transient and stable root transformation 
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(Crane and Gelvin 2007). The authors have speculated that DDM1 along with other 
chromatin remodelling proteins is not directly involved in transformation; instead, the 
transformation process requires DNA synthesis and mitosis in growing infected tissues.  
It is generally accepted that DCL-mediated processing of the viral RNA alone is 
not enough to circumvent virus infection and the virus-derived small RNA products have 
to be loaded into the RNA induced silencing complex (RISC) to target the viral RNA for 
degradation (Jaubert, Bhattacharjee et al. 2011). In turn, the activity of RISC depends on 
one of the ten Argonaute (AGO) proteins, which developed a significant degree of 
diversification and specialization to perform the gene silencing function (Vaucheret 
2008). Curiously, among all AGO proteins, only AGO2 has been shown to be vital for 
resistance against RNA viruses: Potato virus X, Turnip crinkle virus, and Cucumber 
mosaic virus (Harvey, Lewsey et al. 2011, Jaubert, Bhattacharjee et al. 2011). 
Unfortunately, the importance of AGO2 in mediating an antiviral response against DNA 
containing geminiviruses has not been shown yet. Although, in our study, we did not 
examine transformation efficiency of the rest of the ago mutants, here for the first time, 
we have provided evidence of the vital role of the AGO2 protein in suppressing 
Agrobacterium-mediated plant transformation (Figure 5.4.1).  
An increase in the floral dip stable transformation rate of the ago2-1 mutant was 
concomitant with a decrease in the level of global DNA methylation and an increase in 
the level of DNA strand break (Figures 5.4.2 and 5.4.3). The same trend was observed in 
the mutant of the NRPD1A gene which is the largest subunit of plant-specific Pol IV and 
is involved in the generation of 24 nt-long small RNAs from transposable elements (TEs) 
and TE-associated genes. Curiously, that for a long period of time, the AGO2 and 
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NRPD1a genes have been known to act in two separate pathways: PTGS and TGS, 
respectively. The recent report provided an intriguing evidence of the involvement of 
both genes in the DNA DSB repair process (Wei, Ba et al. 2012). Although it still 
remains to be shown whether small RNAs generated from the DNA DSB sites can indeed 
guide the DNA repair machinery, the participation of both genes in the antiviral defence 
and DNA repair processes made them suitable candidates for regulating the 
Agrobacterium-mediated stable transformation process in plants. In the same report, the 
authors have speculated that ssDNA protruding from DSBs might serve as a template for 
Pol IV-mediated expression of double-stranded (ds) small RNA precursors. This notion 
was further supported by an example of the filamentous fungus Neurospora crassa, 
where the RNA-dependent RNA polymerase (RDR) homologue QDE-1 can generate 
dsRNAs from ssDNA (Lee, Aalto et al. 2010). Since we observed an elevated level of 
DNA strand breaks in both mutant backgrounds, we may suggest that both the ago2 and 
nrpd1a mutants lost the ability to recognize both the endogenous ssDNA and single-
stranded T-DNA from Agrobacterium tumefaciens delivered upon transformation. The 
latter would result in the phenotype susceptible to Agrobacterium transformation. It still 
remains to be shown whether plant-specific Pol IV can use Agrobacterium single-
stranded T-DNA as a template to produce transcripts for the RdDM pathway. 
 
5.5.2. Transient down-regulation of the AGO2 and NRPD1a genes elevates 
stable transformation efficiency of Arabidopsis wt plants 
One of the approaches to improve plant transformation frequency is to manipulate 
the expression of host genes involved in the transformation process. Since we discovered 
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that both the AGO2 and NRPD1a genes inhibited Agrobacterium-mediated plant 
transformation, we decided to check whether the transient disruption of their expression 
in Arabidopsis wt plants would also lead to the enhanced transformation efficiency.  
The VIGS method to disrupt gene activity in somatic tissues is widely 
implemented for a number of plant species (Purkayastha and Dasgupta 2009), although it 
has not been shown to be efficient in the gametes yet. In our study, we favoured a floral 
deep Arabidopsis transformation method over methods for transforming somatic tissue, 
therefore, it was vital for us that efficient silencing of the examined genes would occur in 
ovules – the target of Agrobacterium transformation (Ye, Stone et al. 1999). Among 
viruses such as Apple latent spherical virus, Cabbage leaf curl virus, Potato virus X and 
Turnip yellow mosaic virus (Purkayastha and Dasgupta 2009) which can trigger VIGS in 
somatic Arabidopsis tissues, only TRV has been shown to penetrate into the embryo sac 
of N. benthamiana plants. In our experiment, we indirectly confirmed this by providing 
evidence that infection of Arabidopsis wt seedlings with the TRV virus carrying the 
fragment of either the AGO2 or NRPD1a gene can cause silencing of target genes in 
systemic tissues and subsequently increase stable transformation efficiency using the 
dipping method wherby ovules are infected by Agrobacterium.  
Infection of Arabidopsis wt plants with either the empty TRV or TRV carrying 
fragments of genes resulted in a threefold increase in transgene copy number integrations 
as compared to controls irrespective of the construct used. Since we did not analyze the 
transgene copy number in transgenics obtained after transformation of the ago2-1 and 
nrpd1a-3 null mutants, we cannot rule out the possibility that the inactivation either of 
the AGO2 or NRPD1a genes may contribute to an increase in the number of transgene 
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integration events. However, we observed such increase in plants infected with TRV 
alone, therefore, we hypothesize that this increase is caused mainly by the viral infection.  
The TRV-based VIGS technique has been previously implemented to show the 
inhibiting role of the X-RAY CROSS COMPLEMENTATION PROTEIN4 (XRCC4) in 
the stable Agrobacterium-mediated transformation process of N. benthamiana plants 
(Vaghchhipawala, Vasudevan et al. 2012). Unfortunately, the authors did not provide 
data on how native TRV affects transformation efficiencies and the number of transgene 
integrations as compared to untreated controls. TRV is known to encode a 16K 
suppressor of RNA interference which can inhibit the PTGS pathway in plants (Martínez-
Priego, Donaire et al. 2008). The introduction of TRV into plant cells may result in the 
compromised PTGS defence pathway that eventually leads to a higher number of 
successfully integrated copies of T-DNA. 
Previously, it was reported that the double mutant nrpd1a nrpd1b defective in the 
activity of both Pol IV and Pol V exhibits the ago9 phenotype which is characterized by 
two independent female gametophytes developing in the same ovule at a frequency of 
44.03% (Olmedo-Monfil, Duran-Figueroa et al. 2010). At the same time, all ago9 null 
mutants were fertile and did not show signs of ovule or seed abortion. Unfortunately, the 
authors did not demonstrate whether the appearance of ovules of the single pol iv and pol 
v mutants was affected. Since female reproductive organs are the primary target for 
Agrobacterium transformation (Ye, Stone et al. 1999, Desfeux, Clough et al. 2000), 
alterations in the composition of ovules of the nrpd1a-3 mutant may possibly contribute 
to the increased transformation rates observed in our study. It still remains to be shown 
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whether either of the ago2-1 or nrpd1a-3 null mutants exhibits any abnormalities in the 
development of ovules. 
Summarizing, based on the available data regarding the contribution of 
epigenetic-related genes to Agrobacterium-mediated plant transformation and the results 
that are presented herein, a following model of T-DNA processing in a plant cell is 
proposed (Figure 5.5.1). 
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Figure 5.5.1. A proposed model of epigenetic processing of the 
Agrobacterium T-DNA in a plant cell 
The single-stranded T-DNA after the stripping off of bacterial proteins may be 
transcribed by Pol IV that generates an aberrant mRNA. A truncated mRNA is 
recognized by RDR6 and converted into ds mRNA that can be processed either by DCL3 
or DCL4. Whereas in the former scenario the TGS pathway takes place, in the latter case 
the PTGS pathway is involved. DCL3 slices ds mRNA into 24 nt-long duplexes that after 
unwinding are used to guide the RNA-induced transcriptional silencing (RITS) complex 
together with the DRM1 and DRM2 DNA methylases to ds T-DNA in the RdDM 
pathway. Ds T-DNA methylation may eventualy inhibit T-DNA stable integration. In the 
case of DCL4, dicing of ds mRNA leads to the generation of 21 nt-long smRNAs 
engaged into the RNA-induced silencing complex (RISC) to guide the degradation of 
complementary T-DNA transcript. Both pathways may probably be inhibited by the TRV 
suppressor of gene silencing – 16K. A successful integration of T-DNA into the host 
genome conceivably involves the association of T-DNA with histone proteins. 
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5.6. SUMMURY 
Our study demonstrated the contribution of the epigenetic machinery to the plant 
defence system against stable Agrobacterium transformation. In the reverse genetic 
screening, two genes – AGO2 and NRPD1a – involved in the PTGS and TGS pathways, 
respectively, were found to be inhibitors of stable plant transformation. The involvement 
of these two genes in the antiviral defence (that was demonstrated previously) made it 
possible to speculate that plants utilize similar pathways against exogenous nucleic acids. 
Our data demonstrate that an increase in stable transformation efficiencies of both 
mutants is possibly the cumulative outcome of both the reduced level of global DNA 
methylation and the increased level of DNA strand breaks. Alternatively, the deficiency 
in the small RNA pathway which acts as an immune system against invading nucleic 
acids may result in an increase in the stable transformation rate observed in the ago2 and 
nrpd1a mutants.  
The manipulation of host factors to favour higher transformation efficiencies is a 
favourable approach used in the contemporary biotechnology. We decided to develop a 
method which would allow transient down-regulation of the AGO2 and NRPD1a genes to 
increase transformation efficiency of wild-type plants. To do this, we implemented the 
TRV-based VIGS technique that proved to be efficient in elevating the average number 
of stable transformants obtained in a single transformation round. Additionally, we 
revealed that TRV itself can compromise the plant defence pathway against 
Agrobacterium transformation, resulting in a considerably higher number of transgene 
integration events as compared to controls. This discovery further supported the notion 
that similar defence pathways are involved in protection against viral nucleic acids and T-
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DNA delivered by Agrobacterium. Overall, our study provides an approach that can be 
implemented to further decipher the contribution of the rest of epigenetic players to 
Agrobacterium-mediated stable plant transformation. 
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6. FUTURE DIRECTIONS 
Our results demonstrate that exposure of plants to different abiotic stresses results 
in heritable alterations in the epigenetic profile. At the same time, we observed tissue-
specific perturbations in smRNA expression in B. rapa plants which were, surprisingly, 
more pronounced in unexposed tissues such as pollen, embryo and endosperm. It will be 
important to reveal the molecular nature of a signal that mediates these drastic 
fluctuations in distant tissues. Previously, the siRNA pathway was reported to prevent 
transgenerational retrotransposition in heat-stressed Arabidopsis plants (Ito, Gaubert et al. 
2011). Hence, comparing the epigenetic profiles of seed tissues in mutants impaired in 
the siRNA pathway that were cultivated under normal and stress conditions would 
possibly reveal the contribution of small RNAs to stress-induced inter-tissue 
communication.  
Additionally, based on our results, further research is definitely required to 
decipher a role of the AGO1 gene and miR168 in transgeneretional epigenetic inheritance 
of stress memory in plants. To do this, mutants of either of the genes can be subjected to 
transgenerational stress experiments. The regulation of both genes may also occur at the 
transcriptional level as well. Hence, it is of vital importance to monitor DNA 
methylation/histone modification profiles in these two genes at the promoter and gene 
body regions after stress exposure both in parents and in progeny of stressed plants. 
Another important finding of our research was that it revealed the existence of 
transgenerationally transmitted and heat-inducible tRNA-derived small RNA fragments 
in plants. Since three detected tRNA fragments were mapped to gene introns, they did not 
escape our attention, albeit other tRNA-derived small RNAs were also sorted out during 
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the mapping process. Their mode of action was suggested to resemble that of miRNAs 
(Loss-Morais, Waterhouse et al. 2013). Hence, in the future, it would be interesting to 
monitor the expression of tRNA-derived small RNAs in all tissues and correlate it with 
mRNA levels of putative targets.  
While performing a reverse genetic screen among mutants that are deficient in 
different epigenetic pathways, we revealed two inhibitors of stable Agrobacterium-
mediated transformation. A list of epigenetic-related genes involved in plant immune 
response against Agrobacterium infection is by no means exhausted. Hence, in order to 
completely comprehend plant defence responses to the introduced transgene, it is of vital 
importance to continue reverse genetic screening among the rest of the epigenetic 
mutants. Furthermore, our work and reports from other labs provided evidence that 
viruses can compromise plant defence pathways against Agrobacterium pathogens. 
However, this phenomenon is thought to be caused solely by distinct proteins encoded in 
the virus genome – suppressors of gene silencing. Transient overexpression of such 
suppressors may be one of the approaches to enhance transformation of recalcitrant plant 
species. Moreover, since all suppressors isolated from different viruses are dissimilar in 
their mode of action, the use of them in the combination or generation of a universal 
suppressor protein may result even in a more pronounced enhancement of plant 
transformation. 
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